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MEASUREMENT AND ANALYSIS OF. WING AND TAIL BUFFETING LOADS 
ON A FIGHTiXR AIRPLANE’ 

By WILRER B. HUSTON and T. H. SKOPINSKI 

SUMMARY 

The buffeting loads measured on the wing and tail of a 
fighter’ airplane during 194 maneuvers are given in tabular 
form, along with the associated flight conditions. Measure- 
ments were made at altitudes of 30,000 to iO,OOO feet and at 
speeds up to a Mach number of 0.8. Least-squares methods 
have been used for a preliminary analysis of the data. 

In the stall regime, the square root of the dynamic pressure 
was found to be a better measure of the load than was the$rst 
power. The loads measured in maneuvers of longer duration 
were, on the average, larger than those measured in maneuvers 
of short duration. Considerable load alleviation was obtained 
by a gradual entry into the stall. In the shock regime, the 
magnitude of the load at a given speed and altitude was deter- 
mined by the extent of the penetration beyond the bu$et boundary. 
For a modi$cation of the basic airpla,ne in which the wing 
natural frequency in fundamental bending was reduced from 
11.7 to 9.3 cps by the addition of internal weights near the wing 
tip, a 15-percent decrease in wing loads and a similar percentage 
increase in tail loads resulted. 

The loads on a simplijied wing bu$eting model are examined 
on the assumption that bu$eting is the linear response of an 
aerodynamically damped elastic system to an aerodynamic 
excitation which is a stationary random process. The agree- 
ment between the results of this analysis and the loads measured 
in stalls is su&%iently good to suggest the examination of the 
buffeting of other airplanes on the same basis. 

INTRODUCTION 

An early investigation of buffeting which utilized the 
North American F-51D airplane (ref. 1) provided basic 
information on the flight conditions under which buffeting 
was encountered and provided measurements of the magni- 
tude of the buffeting loads on the horizontal tail. Speed 
and altitude were shown to be primary variables, and the 
load data were reduced to dimensionless coefficient form 
by means of the product: Dynamic pressureXTai1 area. 
It was hoped that such a buffeting-load coefficient might 
be applicable to other airplanes, but the assumption that 
a form of coefficient common in steady-state aerodynamics 
would be applicable to a dynamic phenomenon was recog- 
nized as requiring further investigation. 

Since the completion of the tests of reference 1, a number 
of other experimental flight and wind-tunnel studies have 
been conducted. The effects of airfoil section and plan form 
on buffeting have been investigated. Buffet boundaries 
of a number of specific airplanes have been obtained. In 
several instances wing and tail loads have been measured 

‘ Supersedes NACA TN 3X30,1954. 

during buffeting with special research airplanes. An analy- 
tical approach has also been made to the buffeting-loads 
problem, based on methods developed in the study of 
stationary random processes (see ref 2). 

Upon completion of the tests of reference 1, plans were 
made to extend these tests of the same airplane to measure 
wing loads and tail loads simultaneously during buffeting 
and, at the same time, to measure the effect of maneuver 
rate and the effect of penetration beyond the buffet boundary. 
In addition, the altitude coverage was to be improved in 
order to resolve more clearly the effect of this variable and, 
since it was thought that structural frequency might also 
be a significant variable, provision was made to modify the 
wings for several tests in order to measure some buffeting 
loads with a reduced wing frequency. 

The purpose of the present report is to present the results 
of these extended flight tests and, especially, to present the 
magnitude of the buffeting loads measured. The basic load 
data involving 194 runs are given in tabular form, together 
with associated flight conditions. The results of pre- 
liminary studies which illustrate certain trends in the data 
are also given, but this analysis is not intended to be defini- 
tive. Although the present tests do not cover either the 
configurations or the speed range of greatest curreut interest, 
some of the variables are covered more extensively than 
in other tests. Stall buffeting, in particular, which will 
probably be common to all airplanes whatever the configu- 
ration, is extensively covered, and it is believed that all the 
data may be of value to those who are interested in the 
prediction of buffeting loads. The results of an analytical 
study in which the methods of generalized harmonic analysis 
are applied to a simplified wing buffeting model are given 
in an appendix. 

SYMBOLS 

aspect ratio, b/Z 
constants used in tail-load equations 
constants used in wing-load equations 
wing span, ft 
effective slope of lift curve for damping of small 

oscillations of a stalled wing in first bending 
mode 

airplane normal-force coefficient, n W/qS 
mean-square value of coefficient of section- 

normal-force fluctuations in buffeting 
average wing chord, S/b 
frequency, cps 
pressure altitude, ft 
wing stiffness, lb/ft 

1 
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root structural shear load due to buffeting, lb 
amplitude of maximum root-structural-shear 

fluctuation due to buffeting encountered during 
run, lb 

Mach number 
normal load factor 
penetration beyond buffet boundary (defined in 

eq. (13)) 
dynamic pressure, lb/sq ft 
coefficient of linear correlation 
area, sq ft 
standard error 
time, set 
time between onset of buffeting and occurrence 

of measured load AL 
true airspeed, ft/sec 
airplane weight, lb 
angle of attack, radians 
circular frequency, 2rf, radians/set 
residual, that is, a measured value minus a 

calculated value 
Subscripts: 
av average over class 
B onset of buffeting 
RR buff et boundary 
E end of buffeting 
L left 
max maximum 
n natural 
R right 
T tail 
W wing 

Mean values are designated by a bar (as Qna); time differen- 
tiation by a dot (as &). 

Note: Symbols used only in appendixes are defined where 
they occur. 

AIRPLANE AND INSTRUMENTATION 

AIRPLANE 

The airplane used for the present tests was the same 
iRort,h American F-51D airplane with heavily reinforced 
horizontal tail, fllselage, and wing used for the inirestiga- 
tions reported in references 1 and 3. The test airplane is 
shown as a three-view diagram in figure 1, and as a photo- 
graph in figure 2. 

The airplane is equipped with a Packard v-1650-7, 12- 
cylinder engine and a 4-bladed Hamilton Standard Hydro- 
matic Propeller, 11 feet 2 inches in diameter. The propeller- 
to-engine gear ratio is 0.479 to 1. Geometrical data for the 
airplane are listed in table I. The natural structural 
frequencies of various components as determined bg ground 
vibration tests are listed in t,able .II. In this table two sets 
of values of wing natural frequency are shown. One set 
applies to the basic airplane configuratjion and to th.e greater 
portion of the tests reported herein; the other set applies to 
the modified airplane, that is, the airplane with loo-pound 
weights added internally near the wing tips in order to lower 
the wing natural frequency in the fundamental bending mode 
from 11.7 t.0 9.3 cps. 

troin-gage stations 

Wing 
7%percent- 

chord line 

FIGURE l.-Three-view diagram of test airplane. 

FIGURE Z.-Side view of test airplane. 

TABLE I.-GEOMETRICAL DATA FOR TEST AIRPLAKE 

Wing: 
Span,ft____---------------------------~------------~ 37.03 
Area,sqft______-_---------------------------------- 240.1 
Mean aerodynamic chord, ft-..--_----_------ _____ ----- 6. 63 
Aspectratio_______- ---_.._.-_-----.____------~~-~-- 5.71 
Rootthicknessratio~~----...~---.~-..-~----.-~~~----- 0. 15 
Tipthicknessratio__.- -~ . . .._. -.-~- .___. -_-.-- ______ 0.12 
Taperratio~~~~~~~~-~----..-..------.~~-~--~-~-~~~~-- 0.462 

Horizontal tail: 
Span,ft~~~--~~~~-~----~~-~----~-~-.---~---.~~.~----- 13.18 
Area,sqft~~~~~~~.~.----~.~.-~-----.~~-.------~~-~-~ 41.0 
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TABLE I.-GEOMETRICAL D.4TA FOR TEST AIRPLAhw-Cont. 
Weight at take-off, lb: 

Basic airplane _______ -___-_-_-- _____ ---__--_- ______ -_ 8,995 
Modified airplane ____ --__-_-_~---___-_--_-____________ 9,149 

Center-of-gravity position at take-off, percent M.A.C.: 
Basic airplane- _ ________________________________ -___- 27. 2 
Modified airplane _________ -- ___________ -___- _____ -__- 25. 3 

TABLE II.--T;TATUR.AL FREQUENCY OF AIRPLANE 
COMPONENTS 

Mdi- 
Wing: Basic f3edsic 

airplane plane 
Fundamental bending frequency, cps..- _-_ _ _ _ _ _ _ _ _ 11. 7 9. 3 
First asymmetric bending frequency, cps-..- _ __ _ _ _ _ 22. 3 18. 1 
Torsion frequency, cps- _ _ _ _-_--_ __ _-_ _ _ _ __ _ _ __ _ 38. 0 34. 5 
Secondsymmetricbendingfrequency,cps--------- ____ 52. 0 

Horizontal stabilizer: 
Primary bending frequency, cps- - _ _ __ _ _ _ _ _ _ __ _-_ 25. 0 25. 0 
First asymmetric bending frequency, cps--- _ - - - _ _ _ 36. 0 36. 0 
Torsionfrequency, cps--_---------_------------ 70. 0 70. 0 

Fuselage: 
Torsionfrequency,cps ______ -_-_- _______ -_-_-__ 9. 8 9. 8 
Side bending frequency, cps ____ _____ _ __ _______ __ 12. 5 12. 5 
Vertical bendingfrequency, cps ____ -_-_-_---_-_-_ 14. 9 14. 9 

INSTRUMENTATION 

Standard instruments.-Impact pressure, pressure altitude, 
and normal acceleration were measured as functions of time 
w&h standard NACA recording instruments. The airspeed 
head was mounted on a boom estending 1.2 chords ahead of 
the leading edge of the wing near its right tip, and the 
NACA airspeed-altitude recorder was located near the boom 
to minimize lag effects which are believed to be negligible 
for the rates of change of altitude or airspeed encountered. 
The airspeed system was calibrated for position error up to 
a Mach number of 0.78; this calibration made possible the 
determination of the flight Mach number to within fO.O1. 

Airplane normal force was measured with an accelerometer 
mounted near the airplane center of gravity. The sensitive 
element had a natural frequency of 16 cps and was air 
damped. The damping was adjusted to 0.6 of critical at 
sea level, except during the tests with the modified wing, 
when the damping was changed to 0.6 of critical at a pres- 
sure altitude of 30,000 feet. 

Strain-gage installation.-Measurements of structural 
shear on the wing and horizontal tail were made by means 
of wire resistance strain gages wired in four-active-arm 
bridges and. attached near the roots of the principal struc- 
tural members. Shear bridges were attached to the spar 
webs and bending-moment bridges, to the spar flanges. 
The entire installation was calibrated by established meth- 
ods. (See ref. 4.) For the shear on a wing panel, this 
calibration resulted in two combined strain-gage channels. 
One of these combined channels was principally sensitive to 
shear and secondarily sensitive to bending moment; the 
other channel was primarily a measure of bending moment 
and secondarily sensitive to shear. The outputs of these 
two channels, recorded as a function of time on a multiple- 
channel recording oscillograph , could be combined numer- 
ically to obtain the wing-panel structural shear. The shear 
on the left and right panels of t.he horizontal stabilizer was 
obtained from the outputs of t,he left and right combined 
strain-gage, channels which were sensitive to shear. This 

. _....-.. .._ - 

strain-gage system represents an improvement over that 
used in reference 1. 

The recording oscillographs used employed galvanometer 
elements with a natural frequency of 100 cps which were 
damped to about 0.6 of critical damping. This combina- 
tion of damping and natural frequency insured an approxi- 
mately linear response for the bufleting frequencies expected. 
Special care was taken to balance the galvanometer elements 
so as to keep any possible acceleration effects within the 
reading accuracy. Variations in sensitivity due to voltage 
changes were eliminated by provision of a calibrate signal 
on the record for each run, and the stability of the strain- 
gage installation was checked at intervals by application of 
known loads to the wing and t,ail. The overall experimental 
error in incremental vaiues of wing root shear obtained from 
t-he strain-gage-oscillograph system is estimated from the 
calibration as less than f 130 pounds; whereas for the in- 
cremental values of shear on the right and left horizontal 
stabilizer the estimated error is of the order of f80 pounds. 

TESTS 

All tests were made with the airplane in the clean con- 
figuration, and the power setting, at low Mach numbers, 
was that required to attain level flight at the altitude of 
test. In tests at Mach numbers great,er than the level- 
flight capabilities of the airplane, normal rated power was 
used. Of a total of 194 runs in which buffeting was meas- 
ured, 150 were made with the basic airplane and 44 with 
the modified airplane. 

With the basic airplane, gradual turns to the stall were 
performed at nominal test altitudes of 30,000, 25,000, 20,000, 
15,000, and 10,000 feet. Pull-ups were performed at 30,000, 
25,000, and 20,000 feet. The range of Mach numbers cov- 
ered was 0.34 to 0.792 at 30,000 feet and 0.23 to 0.41 at 
10,000 feet. 

With the modified airplane, the added wing-tip weights 
introduced local stress concentrations which restricted the 
maximum allowable load factor for buffeting flight to 4 and 
limited the maneuvers to pull-ups. With the airplane at 
30,000 feet, buffeting cannot be obtained at speeds between 
M=0.54 and M=0.73, without exceeding the limit load 
factor of 4; whereas at 10,000 feet, buffeting is not encoun- 
tered a.t speeds between M=O.32 and the maximum permis- 
sible diving speed which for the standard North American 
F-51D airplane is a true airspeed of 537 mph. For the 
modified airplane, buffeting was, therefore, obtained by per- 
forming pull-up maneuvers at 30,000 feet and 10,000 feet at 
speeds limited by the foregoing considerations. 

METHOD OF OBTAINING DATA 

The procedure and definitions used in presenting the results 
of this investigation are best illustrated by referring to the 
typical time-history records shown in figure 3. The ac- 
celerometer record (fig. 3(a)) was used to establish the time 
for the beginning tg and end tE of buffeting, as well as the 
duration of buffeting. These values were obtained simply 
by observing the point at which there was a distinct change 
in the character of the accelerometer trace. The airplane 
normal-force coefficient C;, was obtained from the accelerom- 
eter and airspeed records. Values of C, during buffeting 

- __.- _- ..-. _.,......, , , . , I I I 
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(a) Accelerometer record illustrating times selected for start and end of buffeting. 
(b) Oscillograph record showing data selected for buffet load evaluation. 

FIGURE 3.-Typical flight buffeting records. 

were based on a mean line faired through the fluctuations of 
the accelerometer record. The airplane normal-force coef- 
ficients at the beginning C,, and end CN, of buffeting were 
determined and corresponding values of Mach numbers MB 
and ME were also noted. In determining all values of air- 
plane normal-force coefficient, the value of airplane weight W 
used for each run was the take-off weight corrected for the 
fuel consumed prior to the start of the run. The maximum 
rate of change of airplane normal load factor fi prior to the 
onset of buffeting was determined for each run, as in figure 
3 (a), a.nd the maximum rate of change of angle of attack per 
chord traveled &Z/V was estimated from ti on the assumption 
that the speed remains constant and 

and hence that 

ciz 7i C -z- ~- 
V nB dC$la k 

In this relation, a nominal value of 5.3 was used for dCJda. 
A typical oscillograph record for obtaining wing and tail 

loads is shown in figure 3 (b). The six traces identified with 
numbers in this figure were employed. Traces 1 and 2 are 
measures of root shear on the right and left horizontal tail, 
respectively. Root shear on the left wing panel is measured 
by a combination of the deflections of traces 15 and 17 and 

on the right wing, by a combination of traces 5 and 16. 
Buffeting loads, which are incremental loads, were deter- 
mined from the peak-to-peak deflections of these traces 
(designated &, etc., in fig. 3 (b)). The buffet-load values AL 
reported for a run are one-half of the largest peak-to-peak 
fluctuation in each of the four loads encountered during that 
run. The time of each load maximum was recorded and is 
reported as the incremental time At,,,, following the onset 
of buffeting. Through use of a timer common to the stand- 
ard flight instruments, values of A& CN, and p corresponding 
to each buffeting load were determined. 

RESULTS 

BUFFET BOUNDARY 

The data acquired in the present investigation of the basic 
airplane are incorporated in table III. For the modified 
airplane the data are included in table IV. Tables III (a) 
and IV (a) deal with the operating conditions under which 
buffeting was first encountered and under which it ended. 
In addition to the numerical data, a pilot’s note column is 
included. In most instances the pilot estimated the intensity 
of buffeting in one of four categories: very light, light, moder- 
ate, or heavy. These comments have been designated by 
the letters vl, 1, m, and h. The pilot’s notes on the direction 
of the roll-off after the stall are also included, left and right 
roll being designated by L and R, respectively, while no roll 
is indica,ted by N. 
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TABLE III.-BUFFETING CONDITIONS AND LOADS OF BASIC AIRPLANE 

(a) Operating Conditions 
- 

-- I I I I I , I 
Turns at an altitude of 30,000 ft Turns at an altitude of 25,OQO ft-Concluded 

fE 
1: 208 
1.125 
1.147 

w2fJo 
30,730 
30, cw 
30,300 
30,600 

.367 1. 150 

.363 1.105 

.370 1.130 

.404 1. 150 

.413 1. ml 

fg% 
g,g 

30: 900 

1. OQQ 30,500 
1.070 30,500 
1.050 29,700 
1.048 
1.088 

30,5cHl 
30, WI 

1.105 
1.083 

1.095 
1.066 

1.098 

1.020 
1.043 

,995 

29,700 

3 % 
27: 700 
29,900 

,721 

,244 
108 

30.46il 
30.000 
29,500 
27.830 
30,000 
29.300 
30.030 
29,930 

PUll 

0.339 1. 274 
,356 1.196 
,400 1.202 
,420 1.189 
,424 1.114 
,438 1.173 
,481 1.077 
,467 1.155 
.481 1.143 
.512 1. 160 

:: 7:: 
1.125 
1.104 
1.211 
1.082 
1.147 
1.072 

,956 
.a90 
,830 
,691 
,695 
,620 
,532 

:452 
,290 

:E 

,151 

29,900 
30,000 
30.150 
30,050 
29,750 
29,850 
27.790 
2Q* 350 
30,150 
30,ooil 
30,000 
29.850 
80,050 
27,500 
30. loo 
30, ooil 
30,2w 
30,400 
29.300 
27, CKXI 
29,250 
28.850 
29,609 
29,150 
28,7cul 
25,550 
28.256 
28,650 

x% 
28: 650 
29,050 

- 

0.60 
.15 
.55 

0 
.40 

.55 

.40 

1:E 
.36 

1.60 
Gl 

2. 1 

3% 

3.20 
1.00 

3.6 
1. 30 

1. 10 

3:: 
3.80 

- 

ps at : iI1 

I 

1.5c I 
1.K , 
2. 50 , 
4.4c I 
2. 20 , 
3.84 , 
2. 50 / 
4.40 
7. 10 
5.90 
2. 50 
4.00 
3. 40 
3.00 
9.30 
3. oc 
6. Oil 
7.90 

5.60 

___--- 

._-.-_ 
_.__-_ 

- 
2.30 
1.98 
1.93 
1.08 
3.32 

3.50 
2.70 
2.65 
3.56 
2.22 
5. 70 

- 

- 

- 

- 

- 

0.337 
.341 
.347 
.357 
.365 

,460 
.434 
.4w 
.510 
.514 

.530 
,542 
,536 

: 2::: 

.610 
,633 
,641 
,644 
,649 

,687 
,692 
,700 

:E 
,768 
,770 
,781 

- 
3.62 0.321 
2.60 __-___ 
5.18 .327 
2.30 ---_-- 

._____ ______ 

5:E 
2.60 
3. 10 
1.40 

,366 ______ ______ 
.370 
.394 

1.58 
1.38 

._---- 
1.30 
1.50 

,434 
.461 ._____ ___.__ _.____ 

1.28 .511 
1.40 .525 
1. 1 .586 
1. 25 .577 
2.35 .605 

1. 10 
90 

2. 10 
1. 32 
1. 15 

. G25 

wo 
,625 

2. 2 
2. 1 
2. 35 
2.70 

9.00 
11.60 

,695 
.6il 
,690 

i 

0.331 
_____. 

,935 
______ 
______ 

1.087 
_.__._ 
__-..- 

,810 
,375 

.798 

.945 
__--_- 
_..--_ 
______ 

:E 

.855 
,845 

_..__. 
_..._- 

,710 
,999 

_.... 

-7 - - - 

1.67X10-3 

1:: 
0 

.94 

1.20 

1:E 
1.63 

.59 

1.86 

1:E 
.76 

2.80 

2.52 
.73 

2.05 
.63 

.53 

--ii------ 
1:10 
1. 52 

1 
_ _ _ _ _ _ _ _ 
_. _ _ _ _ _ _ 

1 
- _. _ _ _ _ _ 

m 
m 
In 
m 
m 

m 
1 

h% 
i 

h 
Vl 

In 

6.40 
3.05 

--._._ 
___.__ 
______ 

______ 
2.20 

______ 
_--___ 

2.10 
______ 
______ 
______ 

0.637 

: !E 
__._-_ 

,734 
.728 
.745 ______ ______ 

0.816 
.800 
.600 

___--_ 
______ 

.710 

.425 
__..-_ 

.336 

.460 

.42a 
______ 
______ 

81 

it 
O: ii! 

.689 

iit 
.691 
.692 

0.848 27,100 
.797 27,300 
.777 26,500 
.fJoo 24.4cKl 
.762 24,950 

i: .734 .705 

E .739 .746 2 .769 .749 

i: .778 ,792 

.680 23,700 
,513 26,400 
.478 24,980 
.438 25,400 
.366 27,100 
.340 25,200 

:z Zf?E 

__________ __________ 

__________ __________ 
- 

- 

- 

Pull-ups at an altitude of 25,000 It 
__- 
_ _ _ _ _ _ _ _ 

VI 
VI 
m 

_- 

0.930 
,775 
,315 
,521 

ii 0.605 
,645 

:; 
.636 
.725 

Turns at an altitude of 20,MlO It 
- 

Et 
100 
101 
102 

0.248 1.295 
256 1.260 

: 294 297 1.221 1.237 
,334 1.199 

20, loo 
19.900 
20,100 
20,506 
20,380 

103 ,337 1.215 20.550 
104 345 
105 .348 

1.206 20.400 

106 : 399 
1.220 20.666 
1.140 20,300 

107 ,399 1.147 20, 650 

108 
109 
110 
111 
112 
113 
114 
115 

: :z 
,441 
,453 
,468 

: E 
,535 

1.149 20,550 
1.115 20,450 
1.108 20,900 
1.096 20.450 
1.096 20,2M) 
1.068 19.900 
1.075 20.730 
1.073 19,83@ 

116 
117 
118 
119 
120 

.543 

: :t: 
757 

,757 

1.051 19,650 
484 

: 203 
18,950 
19, 900 

.434 19,406 
,354 20.6M) 

0. 10 0.45x10-3 
.30 1. 17 

:A: 1::: 
,805 1. 51 

:(?I: 
50 

l:oo 
,805 

1.31 1. 40 
1.03 1. 30 

.81 1. 23 
1.23 1.03 

.9a 1. 20 

2. 10 
1.40 

,805 
20 

1: 20 
1.40 
1.73 
2.30 

1. 70 

2.24 
1. 14 

.67 

:Z! 
.73 

:Z 

.70 

- 

-- 

- 

- - 
3.02 
1.40 
1.70 
1.50 
1. 30 

0.250 0.570 
284 .850 

_..___ _____. 

.351 

.395 
_...-. 

____._ 
___... 
_....- 

,466 

. . ..__ 
,381 
,655 

1.00 
1.20 

.95 
1.00 

.95 
1. 20 

.90 

.70 

.50 
1. 32 
4. 70 
1. 6 
3.60 

_.__.. 
_._..- 

,730 

_.____ 

.680 

____.. 
__._-- 

_.____ 

.500 
____ 

- 
1 

Vl 
Vl 

lpk 

1,; 

m 
1 

m 
h 

; 

- 
- 

- 

,514 
,532 

:E 
,562 
,612 
,614 
.639 

: % 
. G85 
.711 
.712 
,726 
,741 
,742 

742 
: 763 

::ii 
.7S6 
.792 

nltitude of 30,OiM It ~- 

4.35x10-3 1.90 
4.29 1.43 
4.34 1.90 
6. 52 1.30 
3. 13 1.70 

.74 1.50 
2.43 1.30 
4.71 1. 25 
i.04 1.20 
4.82 1. 22 
2.01 
2. 92 
2. 16 
1. 63 
5.79 
1.41 
2.88 
3.41 

2. 20 
1.40 
1.96 
2. 50 

.95 
1. 10 
1.20 

.95 
1.63 
1. 75 
3.66 
3.60 
1.71 
4. 65 
3.03 
5.07 
4.73 
5.80 
5.22 
8.40 

_._._ 
8.05 

0.321 
,344 
,372 

.-.... 
,400 
,399 
,436 

,452 

,467 
500 
509 

: 504 

,587 
. . .._. 

:E 
,641 
,630 

M8 
,688 
,679 

. ra9 
,669 
,709 
,717 

710 
.___.. 

0.950 
.700 
,610 

,331 

9;: 

,816 
__..-_ 

,329 
,830 
,800 
,790 

.5M) 

.835 
,943 
,790 
.473 
,659 
.658 
,666 

,567 
.762 
.445 

:2i: 
____-- 
_____. 

1 
m, N 

m 
m 
m 
N 

. _. _ 
n, L, R 

N 
h 
m 
h 
m 
m 

n, L R 

h,Lh R 
li 
h 
m 

f: 
L 
m 
h 
h 

- 

Pull-ups at an altitude of 20,000 ft 

1.388 
1.380 
1.372 
1. 250 
1. loo 
1.181 
1.081 
1.125 

,454 
,375 

121 
122 

:; 
125 
126 
127 
123 

:2 

0.253 

:% 
,333 
,446 
,451 

::ii 
,748 
.759 

____-_ ____._ ____._ 
0.718 

______ 
,870 

N 

m 

: 
h 

. _ _ _ _ _ _ - 
m 
Vl 
m - 

Turns at an altitude of 15.000 ft 

131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 

15,350 
15,456 
15,350 
15,860 
15,650 
15,400 
15,550 
15,850 
15.650 
16,100 
15,600 

0. 15 

:Z 
1.08 

.30 
1. 10 
1.40 

.80 
1.70 
1.80 
2. 10 

0.225 1.421 
.247 1.356 
,272 1.340 

:E 
1.285 
1.251 

,340 1.232 
.365 1.202 
,334 1. 196 
.409 1.167 
,439 1.143 
.466 1.102 

0.80X10-3 
.75 

1.70 
2. 10 

.55 
1.55 
1.60 

.80 
1.40 
1.20 
1.20 

1.35 
90 

1.65 
1.67 
1.30 
2.47 

;:ii 
3.53 
3. OG 
2.00 

_-.-.- . . ..__ 

__._ -_ ______ 

1.270 
1.177 
1.181 
1. 130 
1.175 

1.166 
1.123 
1.105 
1.101 
1.075 

1.060 
1.044 
1.136 
1.085 
1.136 

Turns at an altitude of 25,006 ft 

25,400 0.15 0.58X10-3 2.10 ______ 
24,300 1.70 0.308 
24,400 

2 1% 
1.35 _-____ 

zgg .60 .64 1.52 1.28 
_.____ -.-.__ 

1.55 ,329 

24,300 .40 
25,600 .I30 

2: 1.72 .368 
1.45 .384 

25,300 .60 .69 ____. .._._ 

z$2 1.00 1.26 .Q6 .97 . . 1.30 ..__ .-.-._ __.__. 

25,61X1 1.40 .91 1.40 ___._- 
25,4M) 1.40 1:;: 1.35 ,512 

2% 1.05 
25: 950 

3.00 1.20 .6il &Y 
4.03 1.83 2:: -.l..e 

__... .-.-__ __.... -.-___ 

__.-__ ______ _ _ _ _ _ _ _ _ _ _ _ _ 

- 

it 0.289 .315 

E .315 .320 .343 

2 ,366 ,404 

;: ,417 .447 
75 ,480 

z .511 

:: :% .565 
30 .585 

0.333 i ______ : 
.793 1 

Turns at an altitude of 10,OCHl It 
1.092 

.707 1,lR 
__.-._ m 
__._._ m 
______ m, R 

1.383 10,250 0.40 0.33x10-3 3.40 
1.313 10,4M) .20 .57 1.45 
1.320 10.050 .50 1.01 2.75 
1.345 10,450 1.86 3.17 2. 15 
1.294 11,150 1.06 1.40 2.40 
1.237 10,450 0 0 2.65 
1.247 10,550 1.40 1.33 3.20 
1.247 11,350 1.80 1.44 2.60 
1.162 10,250 2.9 1.83 2.15 

142 0.227 
143 .249 

,278 
:2 ,296 
146 .317 
147 
148 :ZE 
149 ,373 
150 .411 

t 
m 
m 

1, R, L 

: 
h 
m 

______ m 
,730 h 

:% :: 
__...- m 

.Letters used in this column have the following significance: 
vl wry light butrcting L left roll-off 
1 light buffeting 
m moderate bnffeting 

R right roll-off 

h heavy buffeting 
N nor011 

---- 
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TABLE III.-BUFFETING CONDITIONS AND LOADS OF BASIC AIRPLANE+Continued 

(b) Left and Right Wing Loads 

1 5640.330 49.11.280 _.-.--- 0. 72 606 0.316 45.6 1.265 ______. 2. I5 81 2,136 0.656 215.5 0.967 0 1.36 1,981 0.655 215.0 0.969 I -0.006 1 1.38 
2 536 ,328 45.91.116 ____... 1.96 537 ,328 45.9 1.116 _..___ 1.96 
3 505 ,316 43.91.230-- ..___ 4.07 2 i% 48.511. 209 __ __... 1.81 

82 754 ,676 227.0 ,830 -.025 .88 226.5 ,828 -.040 .93 
83 482 ,699 250.2 ,763 ,033 1.44 % :E 291.8 .768 ,033 1. 23 

; i% . ‘E . 53.01.164. 52.31.135 _____._ _....- 1.27 .82 585 ,351 52.6’1.143 53.0 1.164 __ _____. __._. 1:: 84 85 __... 1,204 ____. ,673 ___._.__ 253.9 ___._ ,913 ‘..:oia ---i:83-‘. 1,334 __.._ .-___ ,678 -_- 256.8 _____ ..__. ,678 ..-:iio ..-i:80. 

6 .._._ __... .__...__ ..___ . ..-.__ - .__.___ __..___ __.____,___.. 
7 685 .355 55.0 1.124 ____..- --.iTij..- .-sii .:3is 53.01.020~.~.... 1.68 

86 1,025 ,700 285.2 ,748 ,023 3.33 926 ,704 285.5 705 --.005 1.30 
87 2,524 ,717 1.70 

8 358 ,361 56.2 1.102 ..- .__. 1. 48 318 ,361 56.2 1.102 _____.. 1. 24 88 681 722 
264.7 ,878 :L% 1. 65 “$2 :;g 263.0 ,891 ,251 
293.0 .652 2.33 292.8 .745 ,155 1.89 

9 749 ,378 63.31.115 __...-- 1.84 728 ,378 63.3 1.116 --.-_._ 1. 85 89 758 736 291.5 ,673 2.84 823 ,736 291.8 ,673 .148 
273.7 .614 ::ii 1.12 555 ,739 271.0 ,627 .127 

2. 78 
10 647 .410 70.6 1.108 _.____. .30 902 ,410 70.61.108 ____ -.- .30 90 615 ,741 1. 23 
11 902 ,460 91.01.091.... __ .19 793 ,460 91.01.091. ..____ 91 389 759 
12 567 ,475 97.11.031 _._..._ 663 ,472 95.71.025 ___.... 
13 623 ,498 111.0 ,976 _...__. 735 .496 111.0 .971_.__ --. 
14 815 ,497 106.3 ,990 __...__ 1,032 ,497 106.3 ,990. ..__.. 
15 774 .502 107.5 .985 _.__... 1. 12 726 ,503 107.5 ,995 ____... 
16 813 ,525 113.1 .955 . . ..__ :2 756 ,523 
17 384 .533 119.2 1.003 _._..._ 368 ,541 
19 79G ,586 151.2 ,950 __...__ ...-:j,... : 18 840 ,587 133.9 . .._. . . ..__. ?.?.g “5;; 

20 854 ,601 163.0 1.000 -0.170 2.00 331 .601 -- 
21 524 ,600 160.5 1.033 -. 142 .83 488 ,600 160.5 1.044 ,131 .66 22 619 .626 158.8 .._. _...__. ;;; :;I5 158.8 __... _.__... ___-... 
23 727 .62Q 182.8 1.054 -. 036 ‘..i:is..- 182.8 1.054 -. 036 2. 25 
24 1,146 ,639 199.7 1.015 -. 035 :t: 1,319 .640 200.9 1.036 -. 009 :% 

25 1,165 ,634 177.3 1.004 -. 066 1,644 ,634 177.3 1.004 -. 066 
26 975 .668 18i.2 _-__. _....__ . 19 942 .Fil 198.9 _... -- ._... .62 
27 428 ,673 199.5. . .._ ___... 1.60 213 ,674 200.1____.___._.. 1.51 
28 1,332 ,693 216.5 ..__. _....__ % ‘,g m; 216.0. .__... 2.61 
29 883 .688 241.9 ,811 ,021 241.9 ,811 ,021 1. 38 
30 463 ,720 224.0 . . . . _._.__. 550 ,717 224.0 .._.. ____... 1. 27 

262.3 _.._. _...._. 495 ,765 265.5 __... .__... .41 

615 ,761 264.3 ,507 ,117, 3. 93 827 749 237.5 ,603 1491 10.49 
Pull-ups at an altitude of 30,000 ft 

34 509 0.337 50.2 1.188 _.... _ 0.32 739 0.331 48.50.999 _..____ 0.89 
35 435 ,351 54.51.155e..-... .42 818 ,350 53.9 ,970 ___.... 36 393 .381 63.21.032 ._.... _ ‘:E! 877 .382 63.71.000. .___.. 1::: 
37 806 .416 75.81.375 _..____ 1,001 ,411 73.6 1.104 ___. -.- .69 38 799 ,405 73.1 .971- . . .._ _ 1.23 822 ,408 74.1 ,991 _.__... .95 
39 452 .4Oi 73.3 .937-.-.-m. 1.04 590 ,417 77.0 1.180 ____ -.. .68 

40 438 ,441 94.9 .955m- __.._ .98 977 ,451 99.31.059 _.___.. .52 
41 1,016 .452 90.0 ,989 . . ..___ ::: 700 ,470 97.01.081 ___.. -. :i: 
42 820 ,469 95.8 1.194 _...._ 1,302 ,457 91.2 ,880 _.__... 
43 1,052 ,505 111.51.129.. .__. .41 822 ,505 111.51.051....~.~ t50 
44 1,222 ,500 110.2 ,931. . . ..-- .86 1,533 ,500 110.2 .931_..__.. .86 
45 3.32 ,514 117.1 .9W..-... .72 1,073 ,512 116.4 ,970 _.__... .80 
46 845 .53i 126.2 SQi(-...--. . i8 1,164 .535 125.0 ,910 _.._... .85 
47 960 ,542 144.8 .9zO,..-.... .84 1,000 ,551 149.4 ,987 __.. -.- .42 48 1,482 ,560 13i.O~l.109 _...___ .21 1,040 ,562 138.2 1.058 _.__... .65 

49 1,046 ,596 .93ii-- . . .._ 1.091 ,600 158.0 .936 __.... .59 
50 1.200 ,610 162.01.063; 156.01 . . ..__. 3 1,037 ,606 159.6 1.025 -0.135 .29 
51 1,299 ,622 16G. 5 ,892 -0.223 .81 1,452 ,622 lG6.4 ,892 -.22.3 .81 
52 2,250 ,637 182. i 1.014 -_ 046 1. 18 1. iG4 G36’ 182.0 1.013 -. 042 1. 24 53 1,014 ,649 211.2 ,980 -.02G 1. 24 1,541 .G51 213.1 .QiO --.025 1.12 

54 1,322 .640 186.4 .93G --.059 3.00 2,181 ,653 194.4 .985 -.OlO I. 46 
55 2,349 .663 203.6 ,944 ,004 2.96 3,943 ,663 203.6 ,944 ,004 2.96 
56 952 ,693 214.2’ 813 ,043 1.45 1,131 .G93 214.1 ,813 ,043 1.45 
57 598 ,716 239.0 ,678 ,048 1.57 1,019 ,684 217.7 ,758 -.057 4.31 
58 1.315 ,731 252.0 .801 ,251 , i8 1,236 i31 252.0 ,791 ,236 .77 
59 1,354 .690 225.3 ,888 ,098 4.31 2,152 ,690 225.3 ,888 .098 4.31 
60 883 ,694 230.41 .i92 ,027 3.63 1,031 .G82 222.G ,829 -.OOl 4.09 
61 1,444 i22 252.8 .TQO :S 4.86 1,344 ,722 252.8 ,790 185 4.86 

Turns at an altitude of 20,000 it 

98 277’0.232 36.2 1.256 _._.... 2. 29 460 0.237 37.71.265 .__.... 1.99 

99 339 ,249 42.4 1.245 _ _. 348 ,249 42.41.238 .._.__. 100 216 ,283 54.31.212 _._.... 54.31.175 .._.... :Z 
101 454 .288 $7 :3 55.31.2JQ.e 55.31.249 .._._.. .70 
102 745 ,337 76.31.138 _._.... .59 655 ,337 76.31.065 .._..._ .68 
103 683 ,321 63.9 1.194 .._~... 76 607 .320 68.71.093 . . ..__. 
104 451 .33s i6.91.150..- :42 719 ,339 77.1 1.268 .._.... :iti 
105 501 ,347 .30 

106 479 ,393 

79.8 1.242 ..__. ~. :;i 675 .34i 79.81.242 .._.__. 

104.0 ,980 ._..... 589 393 104.0 .961 ..__... 107 6i8 .39i 104.3 1.111 .._. ~.. .30 810 .397 104.3 1.111 .._.__. :3’0’ 
103 700 ,400 107.1 1.105 .._.... :lZ 907 ,400 107.41.076 .._.._. .74 

109 842 ,430 125.1 ._... __..... 924 ,435 126.31.078 .._._.. 110 627 .43i 126.01.0zl.._.... .80 i79 .438 126.0 1.045 .._.._. :G 
111 321 ,452 137.4 ..-.. ._- 475 ,452 137.2 1.030 .- _.-.. 

:E 
.60 

112 544 ,466 146.81.047 _.__._. 934 .466 146.81.047 ..__._. .36 
113 936 .49i .__.... 54 904 ,497 163.61.030 .._._.. 54 
114 841 ,503 168.61.030 : 169.8 ,933 .._. 50 1,016 --- 507 169.9 ,982 .._.__. : 51 
115 298 ,534 195.8 ,998 .__.... .42 450 ,534 195.8 ,998 .._.... .42 
116 _._._ _.... ._...... ..-.. ___.... _..- . .._.. 246 ,543 203.2 1.006 ._._ _. .29 
lli 465 740 389.8 ,505 29 34i i44 

118 
279 ,737 0: 0”;; 4: 388.6 ,534 72 

119 ,755 
484 

406.8 
% :% ,451 ,031 .30 408.1 .434 

120 259 i45 4Oi.l ,500 ,026 1.12 ..__. .-... . . . . . . . . ._.. ..___.. .-_L 

Pull-ups at an altitude of 20,000 ft 

121 6SiI 0.23i 0.82 714 0.237 37.91.180 ._..... 0.94 
122 612 271 805 ,271 53.1 1.223 . . ..__. .41 
123 559 ,304, 62.9’1.160 :ii 638 ,302 61.51.021 . . . . . . ..-...~ 81 

92.i’l.l90 __..... .54 310 .36i 90.31.03L . . .._. ii 124 1,509 .3i21 
125 l.OSl ,430 122.8’1.029 _._. ~_. .70 1,003 436 126.5 LOGO ..__... .41 
12G 1.204 ,448 135.51.14i . . . . . . . 12i.51.W . . . . .._ . i4 
127 409 .47G 153.01.005 _._. ~.. 
128.m-m. .~. 
129 523 ,740 393. I .566 0.066 
130 -121 .7451 381.9 ,542 ,067 1.31 464 ,743 384.5 ,539 ,081 1. 13 

Turns at an altitude of 15,000 it 

131 219 297’0 39.61.309 ..__... 0.40 438 219 39.61.309..- _... 0. ‘0.44 
- 

62 1,153 X3 2Gl.0 ,665 3. 29 1.514 ,742 253.4 ,770 .2i4 3.80 
132 293 ,245 49.31.35O.w 478 ,245 49.31.313 . . .._.. .23 

G3 1,328 ,764 268.9 .G4i ’ 2 195 ,772 274.0 .644 
64 1,128 758 273. 2 70G :%...f:f:.-. 1’738 ,748 265. 7 708 : E? 2s 

133 3i5 ,272 :;i 61.01.333..em... 450 .2i2 G1.01.303 .._.__. 
1: 

25 
134 567 ,298 i2.41.OiO ._..... 1.01 570 .301 73.91.049 . . . . . . . 10 

65 751 ,769 304.2 .532! ,196 6.3i ‘91i .775, 304.0 .4iB 1711 5.89 
135 531 .307 78.2 1.19i .._. ~. .82 665 .307 73.2 1.197 .._.__. .83 
136 634 ,334 92.51.133 . . . . . . 1.49 iO0 .334 92.51.133 . . .._. 1. 49 

Turns at an altitude of 25,000 it 

66 4690.285 
6i 422 .3611 
68 612 ,313 

Turns at an altitude of 10,WO It 

142 493 0.220 49.0 1.133 ___.._. 54.41.158 .__._.. 1. GE 
143 i26 ,242 59.31.092 . . . . . . . 60.31.106 . . . . . . . 1.05 

117.2 1.041 _._.._. 114.9 1.126 .__.._. 
78 999 ,552, 123.31.033..- 12l.Ol.M)8..- _.._ 
79 536 ,559 163.41.015 .._..__ 
80; 980 ,576) li5.0, .963..- . . . . 

149 893 .3i5 143.1 1.12’1 _._..._ 144.01.103 __.._._ 1. GO 
150 867 ,414 173.4 l.Oi5 __..... .52 818 ,414 li3.41.086 .__._.. .44 
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TABLE III.-BUFFETING CONDITIONS AND LOADS OF BASIC AIRPLANE-Concluded 

(c) Left and Right Tail Loads 
- 

I 

-- 

Turns at an altitude of 30,000 ft Tams nt an altitude of 25,000 ft-Concluded 

81 939’0 658 216.8 0.960 -0.003 1.27 
82 515 : 674 225.6 .830 -.040 1.18 
83 397 .698 250.4 .771 .031 1.39 
84 139 .1X37 266.8 .828 .028 .27 
85 346 ,674 254.2 ,933 ,063 2.60 

,.,.. 
47.7 1.180 _______ 
46.41.142 ______. 
43.91.141-v:--- 
52.21.141 _______ 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 

1.38 
1.76 
4.20 
1.20 

1 402 0.324 

i z :% 
4 148 .347 
5 _ _ _ _ _ _ _ _ _ _ _ _ 

t 42 % 
8 208 :361 
9 515 .374 

10 269 .410 

11 509 ,456 
12 252 ,467 
13 393 ,500 
14 452 ,498 
15 479 ,505 

-0.030 1.67 
-. 045 1. 18 

,026 1.46 
,017 .29 
,052 2.71 

.088 5.00 

.207 2.10 
127 

: 208 
2. 11 
2.84 

.103 1.68 
,070 1. 10 
.095 3.33 
,326 3.08 

365 0.338 47.8 1.193 .___.__ 1.33 
164 ,330 46.41.142..-v--m 1.70 
387 ,348 43.9 1.141 -._--__ 4.20 
182 ,347 52.21.141-.--w-- 1.20 

1::: 
1.35 
2.29 

.28 

.39 

.86 

.27 

.73 

.81 

16 477 .524 112.6 ,948 .._.... 
17 301 ,537 121.11.005 .._.. -. 
18 501 ,586 138.2...-. .._.... 
19 550 ,589 152.9 ,930 .._.... 
20 421 ,601 162.81.020 

::; 
.24 
.37 

1.92 

21 215 ,603 162.1 1.045 __.__.. 
22 467 ,627 159.1 _..._ ._._... 
23 272 ,621 179.2 ,993 . ..__.. 
24 567 ,640 200.6 1.029 -0.031 
25 614 ,642 181.7 1.000 -. 047 

::: 
2. 59 

.34 

.36 

193.4 .._.. . . . . . . 
198.9 . . . . . .._.... 

II I 
217.0 .._.... 
244.8 ,772 ,017 

1::: 
1.98 

.64 
1.66 
1. 15 
4.01 

10.58 

Pull-ups at an L 

88 .368 59.6 1.148 ___---. .15 
456 .355 55.0 1.130 __--._. 1.39 
247 ,361 56.21.076ww....- 1.29 
518 ,377 63.0 1.121 . ..__.. 2.01 
307 .419 69.81.105..- ____ .44 

462 .460 89.81.085 .28 .._..__ 

311 .486 376 .499 93.41.028 ___..__ :E 111.4 .985...-.w 

470 ,500 426 .505 107.6 ,991 __.-._- :E 108.2 ,961 ____ -.- 

595 ,530 112.4 ,938 __.__.. .54 

% :.% 119.51.003 138.2 ._.._.. .77 .30 . . .._ ._.__.. 
587 ,595 152.9 .980 . .._.__ .40 
317 ,602 162.9 ,989 2.0 . .._._. 

134 .604 160.5 1.044 .63 ..___.. 
287 ,633 160.8 17 .._.... 
130 ,621 179.2 ,983 2: 72 .._.... 

588 .645 613 ,650 201.01.035 :Z 178.1 1.004 0.049 

298 ,666 194.0.~.-. .48 __..... 
204 ,674 . . . . . . 
521 ,694 

199.3, 1.61 
216.8~..~ 1.65 .__.. ~.. 

243 .G95 
362 ,719 

244.81 ,772 .022 .64 
224.9 1.22 .._.... 

254 ,768 .._.. ~. 
195 ,761 264.3 ,500 
248 ,750 287.9 ,533 :&ii / 10 3:88 42 

263.7 1 .82 

!tude of 30,000 ft 
- 

llti 

48.71.015.~ 0.83 
54.31.136 ._.__.. 43 
65.9 ,994 . ..___. : 76 
75.31.340 . ..__.. -. 41 
75.31.045 . ..__.. .60 

78.41.250 ..__._. .57 
97.01.018 .._.... 
91.01.030 . . . . .._ 

.76 

9651.194 ._..... :;i 
108.7 1.036 ._..... .82 

109.5 .942 . . .._.. 
117.G ,997 . ..__.. :2 
126.5 ,910 . ..__.. 76 
131.51.040 . ..____ 1:80 
137.01.118 . ..____ .20 

164.01.025 ___.... .18 
153.21.976 .._.._. 
170.3 ,955 ___.... ::i 
183.01.013 _._.... 1. 18 
209.5 .938 -0.090 1.38 

212.0 ,895 ,074 .46 
209.4 ,940 .066 2.57 
216.4 ,876 1.23 
238.6 ,700 2: 2.03 
250.0 ,816 ,256 .90 

59 724 .695 229.7 .847 ,098 3.82 
60 724 ,712 244.3 ,792 ,139 2. 72 
61 839 ,719 249.4 .755 140 5.09 
62 778 .737 249.0 ,763 : 246 4.04 
63 1.040 ,765 269.5 ,654 
64 940 ,755 270.0 ,728 :% A!“.. 
65 655 ,785 308.7 ,450 ,205 5.12 

520 0.335 49.5 1.130 0. 50 .___.__ 
449 ,349 53.4 ,960 .94 . .._... 

520 ,383 
.._.... 

749 ,416 64.5 ,968 :3”; 75.71.375 . . . . . . 
621 ,413 i5.6 ,990 .72 . ..__.. 

777 ,432 
.._... 

510 ,444 97.0~1.003 82.21.289 ::y” .._... 
578 

864 .45C1 .4&? 

91.8~1.056 .57 .._.... 
~_~ 

68i ,505 95.9,1.180 :!A 111.51.129 __..... 

777 ,502 

774 ,517 

111.2~1.006 . . G5 

766 ,543 118.31.009 __..... :Z 129.5 ,970 . . . . . . . 

614 ,549 
_...... 

734 ,556 148.5 ,955 ::: 134.5 1.011 __..... 

519 ,603 159.8 ,980 . . . . . . . 
637 ,595 152.9 .973 :;i . . . . . . . 

667 ,630 
.._._.. 

667 ,639 170.7 962 1:;; 184.11.001..__... 
458 ,645 209.5 ,937 1.39 .._____ 

639 .6al 211.8 .QU2 0.072 .58 
832 .674 210.2 .930 ,060 2. 52 
621 .697 217.7 .884 1. 11 
562 ,713 258.0 .711 :E 2.39 
786 .729 250.7 .812 ,252 .91 

600 ,696 231.0 ,832 .087 3. 71 
675 ,716 247.0 ,752 2.50 
801 ,719 250.0 ,783 :::; 5.04 
807 ,742 253.4 ,769 3.82 

,000 ,768 272.0 .@30 : zi 4. 62 
940 ,753 269.0 ,732 ,302.. _..... 
634 ,785 308.7 ,450 ,205 5.12 

Turns at an al udc 0125.000 ft 

66 1510.285 

68 278 ,312 55.11.167--- ___. 
69 232 ,272 50.31.139 _____ -. 
70 265 ,329 

71 181 ,360 73.5’1.162 .-- __.. .36 

72 577 ,389 81.2 1.161 
---__.. 

73 270 .414 92.91.095 _._____ :2 
74 503 ,438 104.21.020 _______ .87 
75 466 .470 116.7 1.069 _______ .38 

76 460 ,503 133.81.037 _._._.. .40 
77 375 ,518 145.01.022 . ..--.. .80 
76 508 ,558 174.01.014 .__.. .26 
79 453 ,560 163. G 1.018 ._- __.. .25 
80 305 .s77 175.4 .96- _.._.. .71 

132 0.236 44.11.256 0.75 .._... 

294 ,312 55.11.167 .88 __.. -.- 

360 ,307 
-. 

538 ,329 51.61.193 __.__ :E 59.51.220 ._.__.. 

138 ,359 73.51.168 .30 .._. -.. 

570 ,389 266 .414 81.0 1.157 .__._.. ::: 92.91.092 __.__. 

467 ,440 
__.. 

542 ,465 104.71.040..- :Z 114.21.032 _.._.._ 

467 .492 129.5 .958 ._.__.. .75 

463 .518 495 .555 145.0 1.027 ._- __.. :E 172.Ol.LKNl __.__.. 
408 .5W 163.61.022 __.__.. .23 
314 ,576 175.0 .963 ._.__.. .75 

4.90 
1.95 
1. 53 
2.95 
1. 68 
1. 10 
3.28 
3.00 

411 .698 284.2 ,828 
831 .712 261.0 ,862 
275 .721 292.0 ,722 
726 .748 291.5 ,673 
548 .733 268.7 ,643 
160 .764 316.0 .438 
429 ,770 312.4 .430 
848 ,769 300.8 .666 

__- 

86 453 .GW 284.0 .828 
87 850 ,709 259.7 ,908 
88 393 .727 294.9 .728 
89 557 .735 291.5 .659 
91 477 .733 268.7 ,643 
91 160 .764 316.0 ,438 
92 352 .770 312.4 ,451 
93 734 .770 301.7 ,658 

Pull-ups at BII altitude of 25,000 ft 

26 446 ,669 
27 302 G72 
28 658 ,693 
29 248 ,695 
30 440 ,720 
31 296 ,759 
32 229 ,760 
33 259 ,748 

34 415 0.332 
35 430 ,351 
36 504 ,388 
37 835 .414 
38 387 .415 

39 571 .4il 
40 513 ,444 
41 719 ,454 
42 875 .469 
43 730 ,499 

44 831 ,409 
45 781 .515 
4F 619 .537 
47 582 .517 
48 805 560 

49 651 ,608 
50 613 .597 
51 901 ,629 
52 783 ,637 
53 458 ,645 

54 755 682 
55 724 .673 
56 534 ,696 
57 472 ,714 
58 926 ,729 

/  -- 

Turns at an altitude of 20.000 It 
.--. 

1.90 

:E 
.76 
.77 

__-~--- 
38.3’1.182 __.__.. 
42.4’1.265 ___._.. 
54.3’1.180 _._._.. 
55.01.216 . . .._.. 
76.3,1.022 . . .._.. 

2.40 

ii 
: 75 
.83 

187’0.237 
172 
236 

.249i 

83 
.283, 

180 .2871 ,338 

36. 2’1. 1651...._.. 
42. 4~1.2611...._.. 
54.31.170 ,...._.. 
55.01.256 . .._.. 
76.3 .993’...._.. 

B9.0,1.296 . . . . . 
76.01.098 . . . . . . 
79.511.211 .__._.. 

103.0 1.136 __.._.. 
103.51.099 . ..__.. 

107.1 .989 . . .._.. 
125.1 1.064 . . . _.. 
125.9 1.080 . ..__.. 
137.1 1.057 . . .._ -- 

98 167 0.231 
99 146 .249 

IOU 201 ,283 
101 6i .287/ 
102 225 ,338’ 

103 113 ,322 
104 185 ,336 
105 214 ,346 
106 261 ,392 
107 144 ,396 

108 236 .4(H) 
109 215 .430 
110 110 ,438 
111 210 ,453 
112 378 ,466 
113 562 ,497 
114 191, ,508, 

689’1.270 . . .._.. 
76.3’1.158 . . .._.. 

.81 

.55 

.93 

ik 
: 37 
.30 

54 
127 

.53 

.52 

.43 

.49 

.21 

:2”: 

174 ,400 
214 ,431 
lG9 ,438, 
189 ,452 
450 ,467 
552 ,496 
160 ,508 

114’ ,534: 19p.S’ ,998; .._... .38 
94 .543 
Fi i40 

155 i38’ 
126 .i55~ 

gy~~%--i~~ ;I 

407.21 .451l ,036 .3 
llG, ,733 38i.5 .5G2/ ,017 2.9 

Pull-ups at an altitude of 20,WJl ft 

121 272’0.237 
T 

37.91.237 . ..__.. 0.87 
122 2311 ,258 44.8 .879 . .._.. 1.30 
123 320 ,304 62.31.119 .._._.. 
124 321 ,368 91.51.106 . .._.. 

::i ’ 

125 822 .433 124.51.047 . ..__.. .52 

126 441 ,437 128.31.038 ._.._._ 
127 519 ,483 157.01.009 . ..-_. 
128 .._~. ____. . . . . . .._ .._.. .__.___ 1291 170 ,736 389.7 ,574 

386.7 .522 0:;;; 

;ia... 

130, 152 ,750 .68 

255’0. 236’ 37.5’1.194 ___._.. 0. 94 
222 .264l 45.31 844 _____.. 1.23 

356 ,304 F2.31.084 ___._.. 377 ,370 92.7 1.155 __.._.. ::A 
641 ,432 124.21.040 . . .._._ .58 

434 ,437 128.31.038 . . ..__. .69 
495 ,478 154.0 ,992 . .._ -_. .78 

170 .738 390.1 .559 0.057 57 
181 ,748 335.5 ,539 ,084 1: 13 

Turns at an al ude of 15,OMl ft 

131 145 0.216 
132 145 ,242 
133 199 ,269 
134 162 .293 
135 55 309 

O!ij / $$ @&;~~~ Oiij 

136 263 ,333 1. 17 207 ,335 
137 508 .351 

1~~~~ 

2.83 343 .354 

138 216 ,380 117: 3 1.107 .__._.. 1: :; 
292 ,382 

139 306 ,401 133.2 1.086 i.. 332 ,406 
140 298 ,437 153.31.073 . ..- II- .34 26’) ,437 
141 248 .454 170.1 1.041 ..--_-- 1.28 214 .456 

1.63 
2.23 
1.89 
2.02 

.33 
1.16 

/ I I I I I I 1 I 

Turns at an altitude of 10,000 ft. 
I I I I I I 

- 
318 0.233 54.81.284 ._.___. 1. 13 
273 .247 61.61.172 ______. .74 
436 ,276 78.1 .995 _._._.. 1.81 
269 ,297 89.1 1.120 .._._.- 1.69 
305 ,317 98.11.056 .._._.. .50 

361 .340 117.2 1.041 ._____. 2.10 
394 ,352 124.7 1.09G ._____. 1.24 

144.Ol.OQO .__._.. 1.82 
173.411.096 _____.. .43 

.__- 
142 302 0.234 55.31.205 ______. 0.60 
143 321 ,247 61.21.179 ______. .77 
144 318 ,275 77.61.145 _._.__. 1.62 
145 281 ,297 89.11.121 .._._._ 1.26 
146 297 ,318 98.61.126 .._._._ .79 

147 407 .340 117.11.058 .-.--- 2.09 
148 458 .352 124.61.097 .___._. 1.23 
149 500 ,377 144.81.072 ._____. 1.89 
150 330 .414 173.4,1.096 .-.-_- .43 

347204-56-2 
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(b) Left and Right Wing Loads 

c 

TABLE IV.-BUFFETING CONDITIONS 

(a) Operating Conditions 
- 

-i 
Pull-ups at an altitude of 30,OMl ft 

1.194 
1. 201 
1.197 
1. 250 
1. 226 

30,3Of 
29,W 
30,3oc 
30,4N 
30, QOC 

29,KK 
30,zw 
30, loo 
30,4Oc 
30,200 

1.092 31.400 
I. 107 29,600 
1.085 29,204 
1.080 30,300 
1.072 30,300 

1.078 30,700 
1.072 30,900 
1.087 31,900 

629 
: 512 

28,800 
28.500 

,400 
,332 
,385 

:Z 

29.000 
28,2cil 
29,000 
29,300 
28,600 

,429 

: E  
.273 

29,700 
28,900 
28.300 
28,700 

- 
0.53x10-3 
2. 35 

2:: 
1.58 

4. B  
1. Q( 
8.1: 
1.8: 
3. xc 

1.52 
1.65 
1.65 
I. 36 
1. 24 

2.9[ 
3.5( 
3.52 
3.3( 
4.13 

2.48 3. M: 
2.28 2.6C 
7. 80 2.4c 
1.64 2.K 
1.49 2. 7c 

2. 22 
1. 17 

.69 

:G 

1. 04 
73 

1: 55 

0. 27t 
281 

12235 
.2?3E 
,327 

,354 
.37i 
,421 
.45i 
,465 

.474 
,476 
,479 
,480 
,483 

490 
: 511 
,513 
,516 
,516 

.758 

: 2; 
,769 
.771 

- 

I 
I 
I 
, 
I 

, 
, 
, 
, 
, 

/ 
/ 

- 

, 
I 
I 

I 

1.177 
0 

.9X4 

.701 

.601 

.32i ,765 
,324 ,791 
.357 ,728 
.387 .863 
,368 .815 

.405 ,524 
,403 ,840 
,416 .951 
,414 1.023 
,381 ,902 

,399 ,848 
469 .783 

,443 ,644 
,465 1.050 
,466 ,758 

,493 

:% 
,691 
.708 

.858 

.941 

: 7”:: 
,667 

696 
1724 

: i% 
.705 

,739 

: E  
,720 
,690 

,695 ,677 

: %4” : :“2: 
,716 ,638 

.6C 

.80 
I. ia 
1. 10 
1. ia 

1 ,Fl R 
Vl 

---i---- 

m 
1 

m 
m 
m 

h, R, L 

_. _ _ _ 
m, R, L 
h, R, L 

m 

f: 
m 
h 

h, R, L 
m, R, L 
m, R, L 

1 
_. _ _. 

. 
In 
h 
1 

m 

: 
1, R 

1 

Pull-ups at an altitude of 30,000 ft 

1.208 _----_ 1.98 
1.050 ___-__ 1. 2.5 
1.007 -_---. 1.92 
.857 ______ 1.54 

1.175 ._-_-- 1.92 

,890 -.-.-. 2. 45 
I. 146 ______ 1.85 
,861 .._--. 2. 09 
.920 ____._ 2.80 
,894 .._--. 1. 40 

363 0.262 
420 ,278 ii 

500 .282 670 ,294 ii 
370 .318 44 

1.198 .---__ 1. 82 
1.341 ____.. .32 
1.190 .--_._ .60 
1.248 _-__-. .38 
1.090 ----__ 1.20 

6 386 .32.X 46 
7 500 ,351 
8 560 ,384 i4” 
9 613 ,402 68 

10 695 ,440 81 

344 ,349 575 .357 E 
540 ,394 
421 ,432 2 
705 ,441 81 

775 ,417 785 ,458 ii 

745 ,463 610 ,448 ii 
700 ,431 79 

1.140 .---.- .60 
1.073 ._____ 1. 42 
1.056 _----. 1.54 
1.112 .-.-._ .80 
1.022 ___--- 1. 34 

L.025 __._._ 

! I 

1.70 
1.067 ._--_- .76 
,983 ._._.. 

I. 048 _-_-__ :5’; 
LO93 ._.... .54 

11 605 ,425 12 640 .453 2 

13 810 ,458 14 735 ,468 i: 
15 730 ,467 94 

16 600 ,454 84 
17 965 ,487 106 
18 800 450 92 
19 710 .49i 108 
20 650 ,493 105 

.973 . ..___ 2.02 

1.068 __...- 1.005 ..--.. :E 
1.065 _._.-. 1. 20 
1.102 ..--. 1. 65 

,988 _..--. 2. 13 
I.106 ._-_-. 1. 45 
L.061 _-.... 2.71 

.966 
.-.-.. 

,949 _.___- 1:;: 

L. 001 .._... 1. 42 
!. 020 ._.... 1. 18 
!. 109 .-.-.. 2.59 
,967 ..-.- 
,957 _____. 1:;: 

543 

245 ! 

,530 112 
600 ,502 105 
595 .52n 108 
140 

.730 i 
,714 236 

251 

21 607 ,530 110 
22 825 501 105 
23 715 ,516 106 
24 272 714 236 
25 355 ,718 243 

.OlO .-._.- 1. 50 
,966 _._... 1.76 
,971 . ..--_ 1. 39 
,651 0 .20 
.657 ,030 2.48 

,513 ,080 2. 44 
,579 -. 012 5. 70 
,607 -. 002 6.57 
,660 ,051 4. 01 
,451 ,076 3. 10 

.638 ,175 2.32 

.478 ,148 2. 20 
,588 .I25 3. 60 
,583 . 156 5. 72 

I. 001 ._...- 1.30 
,960 _-_--. 1. 75 
.977 .-..._ I. 24 

,662 0.011 ,584 .029 1:;: 

.487 .075 1. 14 
,586 ,086 4. 70 
,421 --.015 3.32 

‘4”:: : lz 3. 1.08 10 

26 325 ,752 267 
2i 214 .724 260 
28 220 721 256 
29 440 ,721 237 
30 382 ,763 280 

31 805 ,747 252 
;3” i95 228 ,770 ,747 269 283 

34 600 ,753 278 

455 ,756 267 
265 ,740 272 
295 .752 279 
430 ,759 263 
142 .763 280 

620 ,746 251 
650 .754 275 
227 ,759 278 
510 .767 287 

,635’ 

,520 I 

,166 2.39 

:513 578 ,113 .157 
.169 ! 

4.54 2.60 
4.61 Turn at an altitude of 30,000 ft 

TFl 1.170 ( Z8,0M) / 0.10) O.23X1O-3 p1.60 0.349) 0.977 p Turn at an altitude of 30,000 It 

351 48010.3501 59 (1.1561_____. ( 0.40T1 39110.350[ 59 11.1451____.. ( 0.40 

Pull-ups at an altitude of 10,000 ft 

Pull-ups at an altitude of 10,000 ft 

0.168 

: % 
261 

: 26i 

: ;:a 
,337 
,342 

4.00 0.174 
3.40 1. 78 
2. 40 1. 84 

1. 60 1. i0 :ET 

0.699 vl 

: i i% ; 
,862 m 

821 h 

,468 
,781 :: 
: 298 700 _ _ 

h 

I. 174 .69 
61 1.150 ____..’ .80 810 ,247 61 1.150 ___... ,79 
65 1.082 . . . .._ .91 830 ,261 69 1.175 .46 

6i 1.130 .___-. 67 1.1301__.... .72 
100 1.225 96 

431 905 ,327 90 1.028 . . . . . . I 
I. 182:.....~ 

44,1,3801 336i 114 il.150 
99 11.120 _..... 

. . . .._. 114 ,I. 160 ,...... .38 8 Letters used in this column have the following significance: 
VI very light buffeting L left roll-off 
1 light buffeting R right roll-off 
m moderate buffeting x no roll 
h heavy buffeting 
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TABLE IV.-BUFFETING CONDITIONS AND LOADS OF 
MODIFIED AIRPLANE-Concluded 

(c) Left and Right Tail Loads 

I Left I Right 

,.,-- I, .-. ,.,, /. Pull-ups at an altitude of 30.000 ft ._ 1.. ,, :. 

266 0.261 30 
238 .276 33 
310 .278 34 
350 .2a7 36 
3G5 .309 42 

308 .335 48 

:z %  ii 
420 :411 74 
495 ,405 68 

682 .443 86 
572 .462 92 
760 .463 93 
513 .470 94 
643 .422 76 

572 ,440 79 
591 ,484 105 

591 .b05 2: 353 .471 
495 ,476 96 

366 ,535 112 
540 ,489 108 
566 ,518 107 
206 ,714 236 
269 ,736 256 

3F5 ,713 240 
192 ,740 272 
280 .768 284 
435 ,756 262 
165 .763 280 

487 ,748 253 
345 ,754 275 
415 ,750 271 
409 ,772 290 

1.208 _ __ __ _ 
1.390 ___-__ 
1.012 ______ 

.886 ______ 
1.075 ______ 

1.037 ___._. 
1.085 _..... 
1.050 -__--- 
1.054 -_____ 
1.035 ______ 

1.089 _._.__ 
1.080 _..... 
1.012 _..... 
1.047 
1.107 ..--.. 

,980 .___-. 
1.011 ._____ 
1.100 ______ 
1.028 _._.__ 

.930 ___.__ 

l .OW 
,960 
,974 

.675 ,018 
589 ,089 

:3ao 0 
,580 ,150 
,451 .079 

.640 ,183 

.578 ,147 
,580 .135 
,478 ,162 

I I I 

1.97 
.45 

1.76 
1.42 
2.30 

1.85 
2.37 
1.3B 
2.20 
2.81 

1.06 
.41 
.56 

1:: 

1.92 
1.33 

.43 

E  

1.10 
1.71 
1.30 

.20 
1.01 

6.03 
4.7 

1:; 
3.10 

2.26 
4.56 
3.40 
4.12 

--- 
2350.261 30 
375 .27b 
355 .277 ii 

Ez 2% :: 

546 .335 48 
415 ,364 
485 .396 fz 
405 .410 
515 .421 ;: 

770 .426 
605 .419 ;i 
705 ,473 

E  :‘E  
i;: 
74 

704 .440 

iii 2;: 
1:: 
101 

E  ::i: i2 

212 ,524 116 
470 .511 110 
517 .520 108 
109 .714 236 
1G5 ,717 241 

300 ,712 239 
275 ,740 272 
220 ,761 284 
409 ,741 251 
177 .763 280 

520 .746 252 
475 ,770 283 
473 ,750 271 
374 ,763 235 

- 
,214 _.____ 2.02 
.402 ______ .51 
.008 . ..__. 1.81 
.190 _._... .94 
,090 _-_.__ 1.20 

.988 ______ 1.85 

.106 ______ .88 

.051 ______ 1.41 

.036 _..__. 2.30 

.ooa __-__. 2.16 

.030 .---.-- 1.6G 
,040 ___.__ 1.94 

,085 __..__ ,096 _._._. 1:: 
.109 .----- 2.13 

.QSO ____._ 1.92 
,010 ______ 1.37 
,010 ______ I.Gl 
,028 _._.__ 1.50 
,935 _._.__ 1.98 

,018 .70 
,973 ..-.. 1.38 
,975 ._.... 1.26 
,661 0.010 .2n 
,663 0 2.59 

.077 .014 6.08 

.589 ,089 4.70 
,410 ,027 2.02 
,610 ,115 2.58 
,451 ,079 3.10 

.63G ,167 2.37 
,475 ,145 2.13 

:53a 581 ,136 ,168 3.40 4.87 

Turn at an altitude of 30,000 It 
- 

35 I 1730.350 I I 59 ll.o851 _.....I 0.90 I 269IO.350~ 59 (1.033) .-....I 0.90 

Pull-ups at an altitude of 10,000 ft 

30 295 0.165 1.290 _..._. 2.04 
37 435 ,190 

3”: 
1.218 ..-. 1.65 

38 505 ,200 1.410 fi2 

39 540 .247 

.%; 

1.160 40 520 ,262, 67 1.138 :;: 

41 595 .263 70 1.380 __.... .30 

42 495 ,309 86 1.100 __.... 43 700 ,324 104 1.198 _..... :E 
44 915 ,334 113 ,910 _..-.. .64 

310 0.165 27 1.180 2. 77 
517 ,194 37 .898 1.20 
6FO ,199 40 1.380 __.... .69 
440 253 05 1.210 _____. .43 
640 .!259 GS 1.147 ___... .5G 

715 ,262 69 1.320 _...._ .39 
430 .311 95 1.160 .82 
595 ,320 101 1.160 .69 
715 ,336 113 1.080 .-.... .45 

The flight conditions for the onset and end of buffeting 
given in tables III (a) and IV (a) are summarized in plots of 
airplane normal-force coefficient against Mach number in 
figures 4 and 5, respectively. In figure 4 (a) a buff et boundary 
for the onset of buffeting is also shown and two labels “Stall 
regime” and “Shock regime” are included. These labels 
denote speed regimes in which the flight characteristics of 
the airplane differ and, thus, speed regimes in which the 
buffet boundary was obtained in different ways. For Mach 
numbers below about 0.65, buffeting was usually encountered 
in an accelerated stall maneuver; a maximum value of air- 
plane normal-force coefficient was reached; and controlled 
flight at still higher load factors was not then possible. In 
this stall regime the value of CNB for the onset of buffeting 
varied with Mach number and also was generally higher in 
pull-ups than in turns. The increase can be associated with 
the abruptness of the stall entry, as measured by the largest 
value of Z/V reached prior to the onset of buffeting. The 

c. --~~ -- 

0 Turns 
0 Pull-ups 1.6r 

I .4 
t 

Stall 
regime 

3 

Shock 1.4 regime 
t 

\ 
Stall 

regime 
I” 1.2 

I.0 

cNB .8 
.6 

.4 

.2 

‘.I .2 .3 A  .5 .6 .7 .8 .2 .3 4 .5 .6 .7 .8 
M B  &  

(a) Onset of buffeting. (b) End of buffeting. 

FIGURE 4.-Onset and end of buffeting for various maneuvers of basic 
airplane. 

l.6r 0 0 Turns 
- ,, I.6 

cNB 8 

t 

Buffet boundary 
from fig. 4(a)--- 

.6 

4 

7 t 

Buffet boundory 

.- 01(a) 0 , , , , , , , 0/(b) , , , , / , , 
.I .2 .3 4 .5 6 .7 .0 ,I .2 -.3 4 .5 .6 a .a 

%  M E  
(a) Onset of buffeting. (b) End of buffeting. 

FIGURE 5.-Onset and end of buffeting for various maneuvers of 
modified airplane. 

buffet boundary shown for the stall regime in figure 4 (a) was 
obtained from faired cross plots of CNB, M , and &C/V, greatest 
weight being given to the data for 30,000 feet, and corre- 
sponds at each Mach number to the value of C,, for &Z/V=O. 
The difference between this boundary and the actual cl,, at 
the onset of buffeting is plotted as a function of &Z/V in 
figure 6 for the data from altitudes of 30,000, 20,000, and 
10,000 feet. The increment in normal-force coefficient is 
analogous to the increment in the dynamic value of the maxi- 
mum lift coefficient as compared with the static value, but, 
because of the approximate nature of the relation between 
accelerometer reading and rate of change of angle of attack, 
a more detailed study which might include the effects of 
Reynolds number has not been attempted. For this reason 
also, no attempt has been made to specify a variation of 
buffet boundary with a.ltitude, although the possibility of 
such a variation is suggested by a comparison of the plots 
for 30,000 feet and 10,000 feet in figure 6. 

For Mach numbers above about 0.65, buffeting was en- 
countered during diving turns or. in pull-outs from dives. 
The onset of buffeting occurred at values of CN well below 
maximum lift, but controlled flight at normal-force coeffi- 
cients well above the value for the onset of buffeting was 
feasible. The buffet boundary shown in figure 4 (a) above 
&f=0.64 was obtained by fairing through the observed 
values of C,,, greatest weight being given to the data for 
30,000 feet. 
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FIGURE 6.-Effect of abruptness of stall entry on C’N at onset of 
buffeting. 

The buffet boundary of figure 4 (a), based on data for the 
onset of buffeting, appears to define a transition from steady 
to unsteady phenomena. This boundary, which has been 
placed in figure 4 (b) for comparison, does not appear to 
define the transition from unsteady back to steady condi- 
tions. The data for the end of buffeting represent, however, 
the flight conditions on final subsidence of oscillations in 
the structure. In the shock regime, when buffeting persisted 

8 to values of CN below the buffet boundary and the return to 
level flight from the maximum load factor was rapid, the 
persistent fluctuations appeared to differ in character from 
the rest of the record and to resemble the subsidence of a 
damped oscillation from which the excitation has been re- 
moved. When the approach to the boundary was at a slow 
rate (generally accomplished by a loss of speed at nearly 
constant load factor), the end of buffeting occurred as the 
boundary was crossed. The buffet boundary above M=O.65 
as defined by the onset of buffeting may, therefore, represent 
a distinct boundary below which a buffeting excitation is not 
present,. 

In the stall regime, values of CNp in almost all instances 
are below the buffet boundary. Although the persistence of 
structural oscillations may be a factor in this case also, the 
charact.er of the fluctuations indicates that buffeting, once 
encountered, is maintained to values of CN reached in the 
stall rec0ver.v which are well below the buffet boundary. 

The buffet boundary for the basic airplane, figure 4 (a), 
has been plotted in figure 5 (a) for comparison with the data 
for t.he modified airplane. The boundary for the basic air- 
plane appears to represent the modified airplane reasonably 
well. The two points for C,, at the lowest Mach numbers 
are for maneuvers at 10,000 feet and may represent a Reyn- 
olds number effect, but enough data to establish a consistent 
trend are not available. 

WING AND TAIL BUFFETING LOADS 

The wing buffet loads associated with the runs of table 
III (a) and IV (a) are given in tables III (b) and IV (b); the 
tail buffet loads are given in tables III (c) and IV (c). There 
is also listed a quantity AC,, the penetration beyond the 
buffet boundary in terms of mean airplane normal-force 
coefficient, used in the anal.vsis of some of these data. 
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The wing and tail buffet-load values for the basic airplane 
given in tables III (b) and III (c) are shown in summary form 
in figures 7 and 8; the data for the modified airplane are 
shown in figures 9 and 10. In these figures the variation of 
the loads on the left and right surfaces with lMach number is 
shown for each of the nominal test altitudes. Turns are 
distinguished from pull-ups. 



MEASUREMENT AND ANALYSIS OF WING AND TAIL BUFFETING LOADS ON A FIGHTER AIRPLANE 11 

Right side 

I .6X103 

I 

Left side 
0 Turns 

1.2 0 Pull-ups 

Right side 

4x103 

Left side 

0 Turns 

3 ?~TfO ID , l 
.4 .;6 .8 

M 

O0 

000 

*“O o” 

IO” 0 

q 
o” 0 0 

0 000 0 
0 0 0 

0 
O 0 

0 000 
q .o 

0 0 0 

I I I 
.4 .6 .8 

M 

o1 (b) , , , , , , 
.2 .4 .6 .8 

M 

I I I I I I 
.4 .6 .8 

M 

(d) Altitude, 15,000 feet. (b) Altitude, 25,000 feet. 

FIGURE 7.-Continued. FIGURE 8.-Continued. 

4x103 

Left side 

0 Turns 
3- 

D - 

<2- 
“a 

0 

I - 
oo”o Ooo 

0 

?2 
(e) I I I 

.4 .6 .8 
M 

Right side 

00 

oo”oo 

0  

3 

I I I 
.4 .6 .8 

M 

(e) Altitude, 10,000 feet. 

FIGURE 7.-Concluded. 

I .6y103 

- Left side 

l.2- 

0 Turns 
0 Pull-ups 

Right side 

, , , , 
.2 .4 .6 .8 

M M 

(a) Altitude, 30,000 feet. 

FIGURE K-Tail buffeting loads of basic airplane. 

0 
0 

0 

0 

0 0 
0 

1.6~10~ 

Right side 

I .2 
t 

o Turns 
0 Pull-ups 

I- 
D - 

t. .8 
/ 

q 

a” 

t 

q 

q o 0 

t 
q q 00 

.4 0 
q q 

oo” % p 
0 

00 00 

O Oo 

?2 (c) 0, 

0 

.4 I I .6 I I .8 I .2 1 1 / .4 .6 .8 
M M 

(c) Altitude, 20,000 feet. 

FIGURE 8.-Continued. 

1.6~10~ 

Left side 

o Turns 

M 

Right side 

O0 

00 
0  0  

00  

0  
I I 1  

.4 .6 .8 
M 

(d) Altitude, 15,000 feet. 

FIGURE 8.-Continued. 



12 REPORT 12 19--NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

l.6X103 
Left side 

o Turns 

1.2 
0 Pull-ups 

l.6X103 
Left side Right side Right side 

0 Turns 

1.2 

e 
- 8 L’ 

a” 

0 
.4 

I 

2 
ao,o o 

’ 

c .8 
0” q ao 

a “P .4 gJ,““o 0 a 0 
q S 00 
q o0 

-0 0 Ooogo 0 

o (e) I I I I I I 
.2 .4 .6 .8 .4 .6 .8 

M M 

n ((a) 1 I I I I I 
-.2 .4 6 .8 .2 .4 6 

M M 

(a) Altitude, 30,000 feet. 

FIGURE lO.-Tail buffeting loads of modified airplane. 

.8 

(e) Altitude, 10,000 feet. 

Figure S.-Concluded. 

4;103 Left side Right side 
1.6~10~ 

Left side 

1.2 t 0 Pull-ups 

Right side 

0 0 
0 0 
0 0 

o Turns 
0 Pull-ups 

9 
,,B@Jq@~ , 0 q 
.2 .4 .6 .8 2 .4 .6 .8 

o (b) I I I 
-.2 .4 .6 .8 .2- 

M M 

(b) Altitude, 10,000 feet. 
M M 

(a) Altitude, 30,000 feet. 

FIGURE 9.--Wing buffeting loads of moditied airplane. FIGURE lO.-Concluded. 

tative nature, involving both general regression studies and 
the fitting of regression equations to the data by means of 
least-squares methods. The results of this study are in- 
corporate4 in the following section. 
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ANALYSIS AND DISCUSSION OF BUFFETING-LOAD DATA 

When the buffeting-load data of tables III and IV are 
plotted against Mach number for different altitudes, the 
large amount of scatter in, for example, figures 7 and 8 makes 
it difficult to assess the efl’ect,s of both speed and altitude 
and suggests that other factors may be significant. As 
shown by the difference between the data for turns and pull- 
ups in figure 7 (a), one such factor is the abruptness with 
which the stall is entered. A number of studies have been 
undertaken in attempts to identify other significant param- 
eters. In these studies use has been made of the usual 
methods of regression analysis, including correlation studies, 
graphical studies, and the fitting of regression equations by 
least-squares methods. The form of these equations was 
inferred from the graphical studies or in some instances 
could be based on analytical results. In these studies the 
loads measured in stalls were found to follow a somewhat 
different pattern from those measured in the shock regime. 
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InTthe absence of any accepted theory relating the magni- 
tude of the loads in buffeting to the flight conditions and the 
characteristics of the structure, the analysis of the load data 
of tables III and IV has necessarily been of a somewhat quali- 
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As a preliminary to analysis of the load data, a consider- 
able simplification was effected on the basis of plots of left 
wing load against right wing load and left tail load against 
right tail load shown in figures 11 and 12, respectively. The 
coefficient of correlation shown in these plots, of the order 
of r=O.Q, can be regarded as a measure of common causes 
and suggests that the factors which produce loads of a given 

I 

size are, in general, common to the left and right wing panels 
or left and right tail surfaces. On this basis, the mean value 
AL, of the two wing-panel loads measured in a run was 
taken as representative of the wing loads encountered during 
that run; that is, the mean wing load 

AL,=o.5(AL,+AL,R) 
and a similar mean tail load 

ALT=O.~@&Z+~T,) 
were used to represent the loads in each run. 

A scatter diagram of AL& against AL, is shown in figure 13. 
The value of the coefficient of correlation, 0.7, suggests a 
larger degree of independence between wing and tail loads 
than is the case for the left and right wing or tail surface. 
On this account, analysis of the wing and tail loads was 
carried out independently. 
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FIGURE 13.-Correlat,ion between wing and tail buffeting loads for 
basic airplane. 

REGRESSION ANALYSIS 

When dealing with quantities of data, the interrelation of 
more than two parameters cannot ordinarily be shown in a 

simple plot, but the effect of a given independent variable 
can be investigated if the data are grouped by classes of this 
variable and the average values of the dependent variable 
(in the present case the load AL) are computed for each class. 
Provided that each class constitutes a similar sample, the 
effect of other independent variables on the load may thus 
be suppressed, or averaged out, and the variation with the 
independent variable of interest established. The grouping 
and averaging may then be repeated for other variables. 
Such an analysis is, of course, somewhat qualitative, and it 
may be difhcult to show the effect of a secondary variable 
in the presence of a large primary effect. 

In the study of loads measured on the basic airplane, the 
variables investigated for runs in which the stall was reached 
include dynamic pressure 4 and the length of time spent in 
buffeting At. Also investigated was the effect of the abrupt- 
ness of the stall entry. For this investigation the value of 
&Z/V was used as a measure of the abruptness of the entry 
in both turns and pull-ups. For buffeting encountered in 
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the shock regime, the variables investigated include the 
dynamic pressure and the increment in normal-force co- 
efficient beyond the buffet boundary at which the load AL 
was measured. The trends, shown by this study for both 
the stall regime and the shock regime, are presented in the 
four parts of figure 14. 

16~10~ Shock 32 xlC* 
~ Lrsallek eiihe ~ c Shock regime o 

0 0 

(0) , , , , (b? , , , , L 
0 

12Or 
q, Ib/sq ft 500 0 P 1.0 
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(a) Variation with dynamic pres- (b) Variation with penetration. 
sure. 

(c) Variation with abruptness of (d) Variation with.time in buffet- 
stall entry. ing. 

FIGURE 14.-Trends in wing buffeting loads as shown by method of 
averages. 

Load trends in stall regime.-Stall buffeting in the present 
study occurs at Mach numbers below a value estimated as 
0.65 310.01. All runs in table III (a), therefore, for which 
M,<O.64 and for which values of &Z/V and At could be 
established were included in the stall analysis. For each of 
the 91 runs thus available, the wing-load value AL, and the 
tail-load value ALT were used, together with the mean of 
the dynamic-pressure values, tables III (b) and III (c). 

The average variation of wing load with p is shown in 
figure 14 (a). For this plot, the values of AL, were grouped 
into eight classes, according to the value of a; the plotted 
variable (AL,)., is the average of the loads AL, in each class. 
For the stall regime, the dynamic pressure increases by 
roughly a factor of 4 (i. e., 42 to 180 Ib/sq ft) while the average 
load increases by a factor of only 2 (i. e., 500 to 1,000 pounds), 
an increase which is roughly proportional to the square root 
of q. The dynamic pressure is thus revealed as a major 
parameter in stalls, but the relation to load appears to be 
AL+x.,@ rather than ALwccp. This proportionality is used 
to examine the variation of wing loads in stalls with maneuver 
abruptness and with time spent in buffeting in figures 14 (c) 
and 14 (d), respectively, where plots of (AL,/Jdau against 
&Z/Iv and At are shown. An alleviating effect on load asso- 
ciated with a gradual stall entry is indicated since, at &Z//v= 0, 
the loads (expressed as AL,/@ are as much as 40 percent 
less than the loads measured in more abrupt maneuvers 
where &T/V= 0.008 radian per chord. The alleviation is indi- 
cat,ed in figure 14 (c) to be somewhat exponential in character. 
With regard to time spent in buffeting, figure 14 (d) suggests 
that on the average the maximum load encountered during 
buffeting increases with the total duration of time At spent 
in buffeting. From periods of less than 1 second to periods 

of 4 to 5 seconds, the increase is of the order of’90 percent 
but does not appear to be linear. 

The trends shown qualitatively in figures 14 (a), 14 (c), 
and 14 (d) suggest a number of equations which can be 
written relating wing load to various combinations of the 
variables representing speed, altitude, time, maneuver 
abruptness, and structural frequencies. The following equa- 
tions were among those investigated for the wing loads in 
stalls : 

ALw=al (1) ” 

ALw=a,q (2) 

AL,=a A@ (3) 

AL,=a.,Jq log,(fz At) (4) 

AL,+,= (a5 + b5g-o;“/o.oo4”) & (5) 

AL,= (ae+ b6e-LIC’o.004V) Jq loge(fn At) (6) 

The values of the arbitrary constants in equations (1) to (6) 
can be obtained by fitting the equations to the experimental 
data. An advantage of t’he least-squares method of fitting 
lies in the ready availability of precision measures for the 
constants and of the standard error of estimate of the equa- 
tion. (For convenient reference, definitions of terms and a 
summary of least-squares procedures as used in the present 
investigation are included in appendix A.) The results of 
the least-squares analysis of the wing loads in stalls are given 
in table V which shows the equations, the sums of the squares 
of the residuals, and the standard errors of estimate of the 
equations, together with the numerical values of the con- 
stants and their standard errors of estimate. 

Equation (1) is of chief interest for comparison purposes. 
The value al= 749 pounds in table V is the mean of the 91 
values of AL, being analyzed. The standard error of esti- 
mate, 255 pounds, is in a sense a measure of the error involved 

TABLE V.-SUMMAR‘I- OF WING-LOAD ANALYSIS IN STALL 
REGIME 

I (1) 
I ! 

ALm=a, 

(2) ALm=o@ 

(3) ALr=na& 

(4) ALm=nrJg los.(ll.i A0 

(5) ALw= asfbre ( 
-&lo. 004v-l 

JJG 

(6) ALm= aafbse ( -‘c’o’ooav)& loga(11.7 At) 

Constants 
a=i49f27 

m=G.54f0.27 

as=74.4f2.4 

ar=44.4+1.3 

as=111.5+6.9 bs=-55.1f9.9 

as=G5.6f3.8 be=-31.6h5.4 

- 

_. 

- 
If Sum of 

squares 
of resid- 

uals, 
Zr2 

Standard 
error of 

:stimate 
s. lb 

585x30’ 255 

i70 293 

481 226 

386 206 

196 

287 178 
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in the simple assumption that the data on the wing buffeting 
loads in stalls can be represented by this mean value. 

Equations (2) and (3) represent the combined effect of 
speed and altitude. Equation (2) is analogous to the dimen- 

sionless coefficient C,=@ which parallels the usual coefll- 
PS 

cients for steady aerodynamic forces and which has been 
much used in buffeting studies. Equation (3), which was 
proposed in reference 5 and which also follows from the 
analysis in appendix B, represents the combined effect of an 
aerodynamic excitation and an aerodynamic damping. The 
standard errors of estimate for these equations, 293 pounds 
and 226 pounds, appear to indicate that p is not as good an 
indicator of the size of the load as is the mean value, whereas 
di is better than the mean. A dependency of load on the 
square root of the dynamic pressure is also in line with the 
indications of figure 14 (a) for stalls. Superiority of the 
squa.re root of the dynamic pressure (as a measure of buffet- 
ing) as compared with the first power indicates that in stalls 
at a given altitude the loads would be directly proportional 
to the Mach number or t,he true airspeed, whereas at a 
given Mach number (or airspeed) the loads would vary 
directly as the square root of the atmospheric pressure (or 
density). The linear trend with Ma.ch number revealed by 
the least-squares analysis is recognizable in the data of figure 
7 for stalls when, as for example in figure 7 (a), enough runs 
are available to give a representative distribution of the time 
spent in buffeting and the abruptness of the stall entry. 
The trend with pressure at a given Mach number is less 
evident, but, for a pressure change from 628 lb/sq ft at 
30,000 feet to 1,455 lb/sq ft at 10,000 feet, the corresponding 
load increase is clearly less than the ratio of the pressures 
(2.32) and more nearly the square root of the pressure ratio 

(1.52). 
With regard to equation (4) in table V, it would ordinarily 

be expected that, for a process in which random factors play 
a part, the probability of occurrence of a given value is higher 
for a large sample than for a small one. The indication in 
figure 14 (cl) that larger loads are encountered in stalls of 
longer duration is qualitative confirmation of this expcctat.ion. 
For a stationary random process, as outlined in appendix B, 
analytical results are available for determining the probability 
that a given peak value will occur once in a time At. These 
results lead to equation (4), and the standard error of esti- 
mate, 206 pounds, represents an improvement over equation 
(3). In determining the value of ~4, the value of the fre- 
quency of wing fundamental bending (11.7 cps, table II) 
was used for jn. This frequency is the one most often 
observed in the wing-shear strain-gage records. 

The roughly exponential trend of the variation of 
(A&/&)~~ with &Z/V indicated in figure 14 (c) suggested the 
form be- aZfVXConstnnt as a measure of the effect of maneuver 
abruptness on the loads in stalls. This form is purely 
empirical and was adopted simply to account in an approxi- 
mate way for the observed trend in the data. Although a 
value of the exponential constant could have been determined 
by nonlinear regression methods, reference 6, the iterations 
required make the determination much more laborious than 
the evaluation of the constants of the linear variations. 

Preliminary investigations having indicated a value of 
approximately 0.004 for the constant, this value was used in 
equations (5) and (6). In comparing equation (5) with 
equation (3) or equation (6) with equation (4), the relative 
magnitudes of the standard errors of estimate indicate a 
significant improvement resulting from inclusion of a meas- 
ure of the ma.neuver abruptness. The relative values of 
a, and &, (that is, 65.6 and -31.6) indicate that a load 
alleviation of about 50 percent could be obtained by a gradual 
stall entry. Although the physical basis for this alleviation 
is not understood, it may be associated with a less completely 
daveloped stall in the slower maneuvers resulting from a less 
abrupt flow breakdown. A brief study of the correlation 
between the duration and abruptness of the maneuvers 
included in the analysis indicates that the larger loads in 
abrupt maneuvers were not explainable on the basis of stalls 
of longer d.uration, but the magnitude of the effect of abrupt- 
ness indicates that this factor warrants further examination 
and should not be ignored in other studies of wing buffeting 
loads in stalls. 

The following equations were examined and included in 
the analysis of the tail loads in stalls: 

AL,= A, (7) 

ALT= A8q (8) 

AL,=&& (9) 

AL=-&& log, Vn At) (10) 

AL,= (A,, +Blle-ua~o~004V) 4 01) 

AL= (A12+&e- uF/0.004V) 49 log, ( jn At) (12) 

The results of the least-squares amdysis shown in table VI 
are for the same 91 maneuvers used in the wing-loads study. 
The form of equations (7) to (12) parallels the form of the 
equations used in the wing-loads study. Because of the 

TABLE W-SUMMARY OF TAIL-LOAD ANALYSIS IN STALL 
REGIME 

I 
Equa- 

tion 
num- 

ber 

(7) 

(8) 

(9) 

(10) 

(11) 

(12) 

Equation 

AL;=-47 

ALr=Asq 

ALT=A& 

AL~=410& lOg.(ll.7 at) 

AL== CA n+Bue 
-d.;/o. ow) & 

ALT= AnfBne ( -“‘“‘Oaav) ,/q loga(11.7 At) 

-- 
304X10’ 184 

334 207 

280 176 

257 170 

174 140 

161 135 

Constants 
A,=414zkl9 

As=3.59&0.19 

Ao=41.0f1.8 

A,a=24.4fl.O 

A,1=75.4f3.5 B,,=-51.2f5.0 

A,z=44&t2.9 Bn=-29.2f4.1 
L 

-- -..- -- 
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empirical nature of the abruptness alleviation expressed by 15(b) is a plot of load against the difference AC,=C,--CNBB 
the term e-‘r10.004v, the wing chord and the constant 0.004 for Mach numbers of approximately 0.7 and 0.75. The 
were retained in the tail-load calculations. The wing natural ,linear dependence of load on AC, is evident, but the slope 
frequency was also retained in the expression log, ( jn At). dAL,ldAC, decreases as M increases. 

Comparison of the standard errors of estimate of the equa- 
tions of table VI indicates the pertinence of the square root 
of the dynamic pressure, the duration of the stall, and the 
abruptness of the maneuver. The load alleviation obtain- 
able by a gradual stall entry appears to be even greater than 
in the case of the wing loads. 

Load trends in shock regime.-Buffeting at the Mach 
numbers of the shock regime was, for the present airplane, 
encountered under transient conditions in diving turns and 
pull-ups. In some instances so much speed was lost during 
a maneuver that buffeting originally encountered at a Mach 
number of 0.7 ended at Mach numbers of 0.62 or 0.63 with a 
typical stall recovery. In order to assure a homogeneous 
class of data., the 26 runs select,ed as representative of the 
shock regime were those in which the maximum buffeting load 
was encountered at Mach numbers above 0.68, as shown by 
the Mach numbers of t,ables III (b) and III (c). A plot of 
values of (AL,),, against 4 for these maneuvers, figure 14 (a), 
appears to indicat,e a different trend with dynamic pressure in 
the shock regime than in the stall regime. One reason for the 
apparent trend with p is found in an examination of the varia- 
tion of load with penetration beyond the buffet boundary. 
At a given Mach number, increasing penetration beyond the 
buffet boundary results in increased amplitude of load fluc- 
tuation, but the rate of increase of load with penetration 
varies with Mach number. These trends for the wing loads 
in the shock regime are illustrated in figure 15. 

Shown also in figure 15(a) is a line marked I?~~,,. This 
curve of maximum normal-force coefficient was estimated 
from a study of recent wind-tunnel data, on CNm,, since 
specific data for the North American F-51D are not avail- 
able. If the penetration beyond the buffet bounda.ry at 
each iMach number is expressed as a ratio denoted by P 
where 

the Mach number dependence of the slopes in figure 
15(b) is accounted for. A plot of (AL,,)., against P is 
shown in figure 14(b). The variation of (AL,)., with P 
appears to be linear for the range of flight-test data available; 
the strong dependence on P effectively masks any de- 
pendence on p in figure 14(a). 

The equations investigated for wing loacls in the shock 
regime were 

ALw=a14 (14) 

ALw=alsq (15) 

ALw=%& (16) 

ALw=a17P (17) 

AL,=a,,Pq (18) 

ALw=a19P& (19) 

The results of the least-squares analysis are given in table 
VII. 8! 

. .2 \ 
(0) 

0 / I I I 1 
.60 64 .68 .72 .76 .80 

M 

2.0 - 

c -c 
N NE8 

(a) Loads in relation to buffet (b) Variation of load with pene- 
boundary. tration 

FIGCRE 15.-Relationship between buffeting load, C,, and Mach 
number. 

Figure 15(a) shows the wing-load values AL, plotted on a 
cliagram of the variation of C, with Mach number. In 
each symbol is a numeral, indicating the value of AL, in 
hundreds of pounds. Also shown is the buffet boundary 
for the shock regime from figure 4. In general, smaller 
loads occur near the buffet boundary and larger loads, at 
values of C, farther removed from the boundary. Figure 

TABLE VII.-SUMMARY OF WING-LOAD ANALYSIS IN 
SHOCK REGIME 

Equa- 
tion 

num- 
bor 

_I_ 

(14) 

(15) 

(1’3 

(17) 

(18) 

(19) 

sum of Standar 
Equation 

I I 
squares of 

?) 
error Of 

residuals, estimate !, ’ 
24 s, lb 

ALw=aljq 1,224 715 

ALw=aro& 1,009 G48 

AL,r=nnP 133 238 

ALw=olsPq 192 283 

ALrr=n,sP& 125 228 

constants 
a1,=940zt116 

m=2.81+0.28 

m=52.2+7.3 

m;=2500f107 

a*s=9.f~+O.51 

m=l53.5*6.4 
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For the tail loads in the shock regime, the equations 
investigated were similar to those for the wing loads, that is, 

AL,= A,o (20) 

AL-=.&q (21) 

A-b=&& (22) -- _ - -_ 
AL+ AzsP (23) 

AL=&& (24). 

AL=&P& (25) 

The results of the least-squares treatment are shown in table 
VIII. 

TABLE VIII.-SUMMARY OF TAIL-LOAD ANALYSIS IN 
SHOCK REGIME 

1 

, 

! 

Equa- sum 01 
tion squares of 

Il”IXl- Equation 
bar 

residuals, estfn;;te, 
2.2 

~__ 

(20) ALT=& 218X10’ 295 

(21) ALr=.*hrl 334 365 

(22) ALT=&& 270 335 

(23) ALr=a‘lnP 87 107 

(24) ALT=z’hPq 71 173 

(25) ALT=A&‘&’ i3 174 

Constants 

&=508f59 

&42,=1.52f0.24 

/h=28.2f3.8 

.h=1254f7G 

.4x=4.59+0.28 

.~hs=75.2f4.F 
i 

II 

For both wing loads and t.ail loads in the shock regime, 
the values of the standard errors of estimate show that 
neither p nor 3% is as good a measure of the load as the 
average value, although & is somewhat better than p. 
Inclusion of the penetration in the analysis through the 
parameter P (eqs. (17), (18), (19), (23), (24), and (25)) 
results in values of the standard error of estimate which are 
clearly very much lower than the values for the means 
(eqs. (14) and (20)). Between equations involving P, 
Pp, and P& the indications are not so clear. For wings, 
equation (19), ALw=uloP& has the smallest standard 
error of estimate, whereas for tail loads equation (23), 
AL,=Az3P has the smallest standard error of estimate. 
The lack of a clear indication of the effect of p in the shock 
regime may be in part the result of the relatively small 
number of points and the limited range of altitudes that 
are available at a given Mach number. Another contribut- 
ing factor may lie in the random character of the buffeting 
process as discussed in appendix B. The strong dependence 
of resultant loads on penetration, coupled with the transient 
character of the maneuvers at speeds above the maximum 
speed in level flight, would require a more detailed analysis 

including perhaps not only the extent of penetration but 
also the length of time spent at or near any’ given value of 
penetration. Since the standard errors of estimate for 
equations (23), (24), and (25) are so nearly the same, it 
will be assumed that the variable P& is also applicable to 
the tail loads in the shock regime. 

LOAD EQUATIONS OF BEST FIT 

Wing loads,-The summary of the regression analysis of 
the wing loads measured in the present tests, tables V and 
VII, indicates that the best fit is obtained with equations 
(6) and (19). These equations may be written in terms of 
the values of the regression coefficients as, for the stall 
regime, 

ALw=[65.6f3.8-(31.6f5.4)e-~c’0~004V]~q~o&(11.7 At, (26) 

and, for the shock regime, 

AL,=(153.5&6.4)P& (27) 

In figure 16 a comparison is made of the variations of wing 
load given by equations (26) and (27) with the effects of p, 
maneuver abruptness, stall duration, and penetration shown 

16X10* 32~10~ 
St01 I regime 

0 500 0 1.0 
a. Ib/sa ft P 

(a) Variation with dynamic pres- (b) Variation with penetration. 
sure. Z=1.78 set; &= 17.3. 

z 
0 

- =1.03x10-3. 
(d) Variation with time in buffet- 

V ing. 
(c) Variation with abruptness of -zF 

stall entry. ;ii= 1.78 sec. 0 
- =1.93x10-3. V 

FIGURE 16.-Comparison of results of least-squares analysis with 
trends shown by method of averages. Circles represent data from 
figure 14. 

in figure 14. The data points of figure 16 are reproduced 
from figure 14. Shown in each part of the figure are the 
mean values of the “suppressed” independent variables. 
For the stall regime, these values (&/V)=O.O0193 radian 
per chord and at= 1.78 seconds have been substituted into 
equation (26) in order to show in turn the variation of 
(ALv).O with p, figure 16 (a), the variation of (AL,/&)., 
with &Z/V, figure 16 (c), and the variation of (ALw/&)., 
with At, figure 16 (d). In the shock regime, the average 
value of q has been substitut,ed into equation (27) to show 
the trend of (ALm)ao with penetration P. (See fig. 16 (b).) 
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Since the trend of load with g in the shock regime has been 
obscured by the large range of values of penetration P, na 
comparison is shown in figure 16 (a). The agreement 
between the points representing average trends and the 
dependency on ,@ and At in equation (26) is substantial 
and suggests the validity, at least for the present airplane, of 
the physical concepts represented in the form Jq log, (fn At). 
The exponentisl character of the alleviation in load obtain- 
able by a gradual stall entry, even though empirical, appears 
also to represent the trend in the experimental data. Since 
the effects of duration and abruptness can both be of the 
order of 425 percent of the 1oa.d for an average condition, 
the advisability of examining the buffeting of other airplanes 
on the same basis is indicated. 

The expression of the penetration beyond. the buffet 
boundary by means of the ratio (CN-CNBB)/(C~~,-CNeB) 
as in equation (13) is purely empirical but, over the range 
of flight-test data available, appears to give a reasonably 
good fit to the data (fig. 16 (b)). The linear dependency of 
load on P assumed in the regression analysis is also em- 
pirical, and verification for large penetrations at Mach 
numbers above 0.70 is not feasible with the present airplane 
because of operational limits. In particular, it is not known 
whether the loads for a stall at transonic speeds would be 
given correctly or whether, as at lower speeds, the abruptness 
of stall approach would be important; investigation with an 
airplane with wider operational limits is desirable. 

A comparison of the loads calculated by use of equations 
(26) and (27) with the measured loads on which the numerica. 
values of the regression coefficients are based is shown in 
figure 17. In each part of figure 17, the line of exact agree- 
ment is the solid line with unit slope. The horizontal or 
vertical d.istance from any point t.o this line is the difference 
between the measured and the calculated load. Parallel to 
each line of exact agreement, are two dashed lines, displaced 
by the amount of the standard error of estimate. In 
general, 68 percent of the measured values will vary from 
the calculated values by less than the amount of the standard 
error of estimate. The wing loads calculated from equations 
(26) and (27), when compared with the measured values 
(figs. 17 (a) and 17 (b)), show generally good agreement. 
The measured wing loa.ds are estimated to be in error by less 
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(a) Wing loads, stalls (eq. (26)). (b) Wing loads, shock (eq. (27)). 

FIGURE 17.-Comparison of measured and calculated buffeting loads 
of basic airplane. 
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(c) Tail loads, stalls (eq. (28)). (d) Tail loads, shock (eq. (29)). 

FIGURE 17.-Concluded. 

than f 130 pounds, as compared with a standard error of 
estimate for equation (26) of 178 pounds and for equation 
(27) of 228 pounds. The fact that in the stall regime these 
two precision measures have roughly the same order of mag- 
nitude suggests that, with the present data, regression 
analysis can probably accomplish little more; in the shock 
regime, the la,rger standard error of estimate for equation 
(27) as compared with the error limits of the experimental 
data may be a further indication of the need for a more 
detailed study than has been possible with the present data. 

Tail loads.-The summary of the regression analysis of 
tail loads measured in the present tests indicates that the 
best fit of the stall data (table VI) is obtained with the 
equation 

A&=[44.lf2.9-(29.2&4.l)e- ;rs’0.004v] Jq loge(ll .7 At) (28) 

whereas the equation which is taken as representing the 
shock-regime data (table VIII) is 

AL,= (75.2 f4.6)P& (29) 

Loads calculated from these equations are compared in 
figures 17 (c) and 17 (d) with the measured loads from which 
the regression coefficients were obtained. Since equations 
of the same form as the wing-load equations give such a 
good fit, the possibility is indicated that the wing is a primary 
agency in determining tail loads. Since the response of the 
tail is primarily at a frequency corresponding to that of the 
Fuselage in torsion, the wing may excite the tail through the 
fuselage. On the other hand, the standard errors of esti- 
nate for equation (28), 135 pounds, and for equation (29), 
174 pounds, are somewhat larger tha.n the estimated experi- 
nental error ( f 80 pounds) and this difference, coupled with 
;he correlation coefficient of 0.7 between tail and wing loads, 
ndicates that one or more additional parameters may exist 
which are important in determining tail loads but which are 
lot disclosed by the present investigation. The propeller I 

slipstrea,m may provide one such agency and the wing wake 
another, but, since instrumentation suitable for the evalua- 
tion of such effects was not incorporated, the relative con- 
tributions of the fuselage, the wing wake, and the propeller 
slipstream cannot be established. 
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EXTENSION OF RESULTS 

Comparison of loads measured on basic and modified 
airplane.-The large amount of scatter in plots of buffeting 
load against Mach number in figures 7, 8, 9, and 10 makes 
diflicult any simple determinatioh of the effect of the added 
wing-tip weights on the magnitude of the buffeting loads. 
Comparison of -figures 7(a) and 9(a), for example, is incon- 
clusive. The equations obtained in the analysis of the 
buffeting loads on the basic airplane have, therefore, been 
employed to extend the results obtained on the basic airplane 
to the analysis of the data for the modified airplane. For 
the stall regime, equations (26) and (28) have been used, 
modified only to the extent required to allow for the slightly 
reduced probability of encountering a given load in a given 
time since the wing frequency has been reduced. The equa- 
tions are 

ALw=(65.6-31.6e- ~-‘~aorv),/g log, (9.3 At) (30) 

. AL,= (44.1-29.2e- ;r6/o.oo4v)1/p log, (9.3 At) (31) 

In the shock regime, equations (27) and (29) were used. 
Values of &Z/V and At from table IV(a) were used with 
average values of p  and AC, from tables IV(b) and IV(c) to 
calculate values of AL, and AL,. These calculated values 
are compared with the values measured in flight in figure 18, 
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(a) Wing loads, stalls (eq. (30)). (b) Wing loads, shock (eq. (27)). 

FIGURE 18.-Effect on loads of a reduction in wing frequency. Buffet- 
ing loads measured on modified airplane compared with calculated 
loads. 
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in which the solid lines are lines of exact agreement. As a  
measure of the effect of the reduced frequency on load, the ^ - 

average ratio ($?&- has been determined, by computing 
bnsre 

the value of fi in the equation 

(AL) rnodilird= k (AL) basic (32) 

The values of k for the wing and-tail in the stall regime and 
shock regime, toget.her with their standard errors of estimate, 
are 

kwinp, atoll = 0.90f 0.03 

kin,,. s,,ock = 0.71 f0.07 

k -1.25&0.04 Id srau - 

ktail, shot /c = l.lOfO.10 

The dashed straight lines represented by these values of k 
are shown in figure 18. 

For the wing in the stall regime, the value of k indicates 
an average reduction of 10 f 3  percent over and above the 
average reduction of about 4 percent that would be expected 
because of the reduced probability associated with the fre- 
quency reduction. The estimate of a  29 & 7 percent load 
reduction in the shock regime is somewhat less reliable than 
the IO-percent estimate since a smaller number of points 
is involved, but an overall reduction of something like 15 
percent is indicated for the modified airplane. 

Comparison of the tail loads measured on the modified 
airplane with the loads calculated from the least-squares 
equations as shown in figures 18(c) and 18(d) indicates that 
the wing modification has increased the tail loads about 15 
percent. In buffeting, the motion of the tail is primarily in 
an antisymmctrical mode at the natural frequency of the 
tail assembly as restrained in torsion by the fuselage, 9.8 
cps in table II. Since the acldition of the wing-tip weights 
reduced the frequency of t.he wing in fundamental bending 
from 11.7 t.o 9.3 cps, table II, wing buffeting of the modified 
airplane occurs at a  frequency only about 0.5 cps removed 
from the tail buffeting frequency; whereas, with the basic 
airplane, the difference is nearly 2 cps. The amplitude 
response of a  simple system would be expected to be iarger 
as the frequency of the excitation approaches resonance, and 
it is possible that a coupling exists between wing and tail 
vibration modes such that this simple explanation would 
be sufficient t,o account for the experimental results. If SO, 
the importance of the fuselage as a coupling agent in the 
tail-load problem is indicated. 

Measured loads compared with results for simplified wing 
buffeting model.-In appendix B, an equation is developed 
which gives the form of the relation between pertinent 
structural and aerodynamic parameters and the mean- 
square value of the root-structural-shear fluctuations of 
a  stalled wing under the assumption that such buffeting can 
be treated as the response of a  damped linear elastic system 
to an aerodyna.mic excitation which is a stationary random 
process. The buffeting model considered is a simplified wing 
with one degree of freedom (funda.mental bending) and the 
development parallels, in some respects, the study in refer- 
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ence 2 of the loads on a tail in a fluctuating airstream. The 
development is tentative, since the assumption that stall 
buffeting is a normally distributed stationary random process 
has yet to be verified, but a comparison of the loads measured 
in the present study with the tentative relation is of interest. 

A primary aerodynamic factor determining the magnitude 
of the buffeting loads is the power spectrum of the aero- 
dynamic excita.tion, denoted by the spectrum of the coeE- 
cient of section-normal-force fluctuations c,~(w) in appendix 
B. Provided that this spectrum possesses certain general 
dimensional and frequency characteristics (especially a 
fairly constant level over a band of low frequencies), the 
details of the shape of the spectrum are of minor concern, 
but the mean-square value of the excitation Q is of great 
importance. In appendix B, the scale factor in the power 
spectrum of the excitation is assumed to be the chord, the 
damping is assumed to be positive and aerodynamic, and 
the resultant equation for the root-mean-square shear at 
the root of a wing panel due to buffeting (eq. (B27)) is 

qgy2 [$$J2& (33) 

In this equation t,he operating conditions of speed and alti- 
tude are included in the term 4;; the geometry of the wing 
and its stiffness are included in the term in parentheses; 
whereas the excitation and the aerodynamic damping are 
represented by t,he term Q/(CLJeJf. Little information is 
available about any spectrum of section normal force, or 
about the term (CL”),,, which is an effective slope of the 
lift curve applicable to the aerodynamic damping of small 
bending oscillations of a stalled wing. Unpublished tests 
in the Langley 2- by 4-foot flutter research tunnel on a 
stalled, rigid NACA 65AOlO airfoil have given values of 
a-0.07 over a ra.nge of angles of attack beyond the stall. 
Vibration tests of a, similar stalled wing have indicated that 
over a wide range of reduced frequencies and angles of attack 
the aerodynamic damping is of the same order of magnitude 
as that indicated by the two-dimensional slope of the lift 
curve-that is, (CLa)eff = 2~. Using these two results as a 
guide to order of magnit,ude gives a value 

[$$-)l”z=o.028 (34) 

For the present airplane the wing stiffness in a funda- 
mental bending at 11.7 cps is approximately 19,000 pounds 
per foot. This value for k, together with the dimensions 
given in t.able I and the estimate of equation (34), gives 
the following relation for the root-mean-square buffeting 
shear at the root of each wing panel: 

J&44& (35) 

and for the maximum buffeting shear likely to be encountered 
in a time At (eq. (B33)): 

AL, 
& log, (11.7 At) =62 (36) 

The least-squares relationship for the wing loads of the 
present tests with the basic airplane, equation (26), gives 
as a limit for very abrupt stalls 

AL, 
-=65.6 

& log, (11.7 At) 

wherea.s for very gradual stalls the limit is 

AL, 
Jq log, (11.7 At) 

=34 
1 

(381 

and for the data as a whole, equation (4) and table V, an 
average is 

Gv 
Jq log, (11. 7A.t) 

=44.4 

The agreement between the constant value 62 of equation 
(36) and the values 65.6, 34, and 44.4 obtained by least 
squares (eqs. (37), (38), and (39)) may be fortuitous, in view 
of the limited knowledge available about buffeting as? a 
stationary random process, the number and character of 
the assumptions in appendix B, and the limited applicable 
experimental data on the aerodynamic characteristics of 
stalled wings. The agreement shown does suggest, however, 
that further investigation is warranted of both the aero- 
dynamic parameters and their relationship to the buffeting 
of other airplanes. 

Buffeting coefficients.-The results of the present tests 
indicate that the usual buffeting coefficient of the form 
AL/p9 would, for both wing and tail loads, be overly con- 
servative if coefficients based on loads measurements at 
high altitudes were used for the estimation of loads at low 
altitudes. The tests also indicate that, for a given airplane, 
a simple comparison of loads on the basis of values of the 
dimensional forms AL/& or AL/dp log, cfn Ai) would give 
more consistent results. To the extent that the simplified 
analysis of appendix B represents the buffeting of a 
straight-wing airplane in stalls, a coefficient of the form 

AL J&Wl--e-A/2J 1% (.fnW would be requhed to km 
I 42 

elude both the geometry and the elastic properties of the 
wing, as well as the operating conditions of speed and alti- 
tude. Such a coefficient for the present abrupt-stall data 
would have a value of approximately 0.03. Whether such 
a coefficient established for one type of airplane would give 
useful information about another type differing, say, in wing 
thickness ratio or airfoil section would depend on the aero- 
dynamic cha.racteristics of the wing in stalls, as represented 
in the term g/(C!Je,. In the absence of more experi- 
mental data on a spectrum of aerodynamic excitation for 
buffeting and on the effects of Mach number and angle of 
attack on both the spectrum and the aerodynamic damping, 
a conclusion about a final form of a wing buffeting coefficient 
cannot be reached. However, should the results for the 
present unswept-wing airplane be confirmed for other similar 
airplanes, it should be possible to extend them to swept wings 
and to tails. 
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Comparison of wing buffeting loads and design loads.- 
The results of the least-squares analysis of the wing buffeting 
loads of the present tests can be used to compare the maxi- 
mum wing buffeting loads likely to be encountered in stalls 
with the wing design loads for the North American F-51D 
airplane. From equation (26) the amplitude of the maxi- 
mum buffeting-load increment in an abrupt stall of duration 
At is approximately 

AL,=65.6&log,(11.7 At) (40) 

The dynamic pressure of the stall can be expressed in 
terms of load factor, wing loading, and airplane normal- 
force coefficient as 

P=n (WIW 
C NWB 

Therefore AL, can also be expressed as 

A&=65.6 c 
J 

n (WIN -log, (11.7 At) (41) 
NOB 

The largest value of AL, would be found in stalls at limit 
load factor at such speed and altitude that cNB,, is as small as 
possible. The least vnlue for c?~,,~ in stalls, figure 4(a), is 
1.04. The limit load factor for the test airplane is 7.1 for a 
gross weight of 9,000 pounds. These values give, for the 
maximum value of AL, expected, 

AL wmaz= 105O~log,(ll.7 At) (42) 

or, for a stall of 5 seconds’ duration, ALwmaz=2,650 pounds. 
Such a buffeting load encountered in a stall at limit load 

factor would be superimposed on a steady wing-panel root 
structural shear of approximately 22,000 pounds. In terms 
of a gross weight of 9,000 pounds, a root-shear fluctuation 
of 52,650 pounds corresponds to a load-factor fluctuation of 
approximately 5 0.30. 

Fatigue.-For fatigue studies, information is needed on the 
number of times a given value of load is exceeded in a given 
period. For a stationary random process, this information 
is provided by the mean-square load and the power spectrum 
of the load, as in equation (B26). The simple buffeting 
model considered in appendix B is a single-degree-of-freedom 
system which is very lightly damped. For such a system, 
the response to a random input has the character of a sine 
wave with a frequency roughly equal to the system natural 
frequency and an amplitude which fluctuates irregularly. 
The irregular amplitude fluctuations are characterized by the 
probability distribution of equation (B31) which gives the 
number of peaks per second which will exceed a given value. 
Since the total number of positive peaks per second cor- 
responds to the natural frequency of the systemf, (with an 
equal number of minimums), equation (B31) provides a 
simple basis for considering the fatigue aspects of buffeting. 
(See also ref. 7.) Although based on a simplified model 

which ignores any contribution of higher vibration modes to 
the wing buffeting loads, equation (B31) may well represent 
a satisfactory engineering approximation since modes of 
frequency higher than fnst bending ordinarily make but a 
small contribution to wing-root shear. 

CONCLUDING REMkRKS 

Wing and tail buffeting loads have been measured on a 
fighter airplane during 194 maneuvers. The half-amplitude 
of the largest fluctuation in a structural shear was used as a 
measure of buffeting intensity in each maneuver. Correla- 
tion coefficients of 0.9 were found for loads on the left and 
right wings and the left and right horizontal stabilizers. 
Least-squares methods have been used to illustrate certain 
trends in the data; in these studies the loads in the stall regime 
were found to follow a pattern which differed from that found 
in the shock regime. 

In the stall regime prinmry variables affecting the mag- 
nitude of the loads were speed and altitude as represented 
by the dynamic pressure, but the square root of the dynamic 
pressure was a better measure of the load than was the first 
power, a result which may be due to the action of aerody- 
namic damping. The loads measured in maneuvers of long 
duration were, on the average, larger than those measured 
in maneuvers of short duration, a result which is in accord 
with considerations of stationary random processes. As 
compared with abrupt pull-ups, load alleviation of about 50 
percent was obtained by a gradual entry into the stall. 

In the shock regime, the primary variable affecting the 
magnitude of the loads was the extent of the penetration 
beyond the buffet boundary. The data do not provide a 
clear indication of a dependency of load on dynamic pressure, 
a result which may be in part attributable to the operating 
limitations of the airplane which restricted the range of the 
investigation in the shock regime; a more detailed investiga- 
tion appears to be required. 

Loads were also measured on a modification of the airplane 
incorporating internal wing-tip weights which reduced the 
natural frequency of the wing in fundamental bending from 
11.7 to 9.3 cps. Analysis of the measured loads indicated a 
reduction in wing loads of about 15 percent and a similar 
percentage increase in the tail loads, as compared with the 
loads on the basic airplane. 

The loads on a simplified wing buffeting model have been 
examined on the assumption that buffeting is the linear 
response of an aerodynamically damped elastic system to an 
aerodynamic excitation which is a stationary random process. 
The results of the present tests for stalls are sufficiently 
consistent with the results of the analytical study to suggest 
the examination of the buffeting of other airplanes on the 
same basis. 

LANGLEY AERONAUTICAL LABORATORY, 
NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS, 

LANGLEY FIELD, VA., February 11, 1954. 



APPENDIX A 

SUMMARY OF STATISTICAL PROCEDURES 

A typical problem in 1inea.r regression involving a depend- 
ent variable w and, say, two independent variables x and y, 
which is solved by least-squares methods, is usually repre- 
sented as finding the unknown coefficients a, b, and c in the 
equation 

w=ax+by+c 

given a set of N values of x and y assumed to be exact, and 
N corresponding measured values of w denoted by w’. For 
any set of values of a, b, and c, each mea,sured value wl and 
the corresponding calculated value w( differ by the residual 
et where 

q=w’g-W, 

The theory of least squares assumes that the “best” vaIues 
of a, b, and c are those for which the sum of the squares of 

the residuals 2~~’ is a minimum, a condition which is fufilled 
i=l 

by the values of a, b, and c in the so-called least-squares 
normal equations which may be represented in matrix form as 

[ 

;; g Z]{ ;}={ EL} 

where the summation C denotes 8. The resulting plane 

ux+by+c passes through the point (W’,Z,v) determined by 
the mean values of w’, x, and y. 

The present report is concerned with the application of 
least-squares methods to equations of the type where c=O, 
and 

w=ax 
or 

w=ax+by 

that is, problems where the least-squares line or plane is 
required to pass through the origin (w=x=y=O). In this 
case for two independent variables, x and y, the values of 
a and b are given by the normal equations 

The solution may conveniently be written in terms of the 
inverse ma.trix which for second-order matrices is given by 

[ 

CY” 

‘c,‘cY’l-~cxY~” -cxy 

-cw 

--j32 1 

Accordingly 

The sum of the squares of the residuals is given by 

Ce2=Cwf2--[a b] 

A measure of the spread in the measured values of w’ is sW’, 
the standard error of w’ defined by 

&.,‘= c(w’-~)2 
J N-l 

where ;iijT is the arithmetic mean of the measured values 
z!!c. 

N The standard error of w’ is usually most easily 

evaluated by the equation 

s I-- 
NCW’~-(CW’)~ 

20- J N(N- 1) 

The standard error of the mean ST is proportional to 
s,/ and inversely proportional to the square root of the 
number of points, that is, 

A measure of the ability of the regression equation to 
represent the data is given by the standard error of estimate 
of the equation, which for w=ax is 

SW,= yfg 
J-- N-2 

and for w=ax+by is 

sm2= J 
zy 
N-3 

The standard errors of estimate of the constants a and b 
are related to the standard error of estimate of the equation 
and the terms on the principal diagonal of the inverse of 
the matrix of the coefficients of the normal equation by 
the relations 

The standard error of w’, that is, sm’, is a measure of the 
error involved in representing the N values of w’ by their 
mean value 7. An equation, say, w=ax, for which the 

22 
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standard error of estimate su, is smaller than slo’ would 
ordinarily be considered an improvement over the mean-. 
value representation, since it implies that specification of a 
vaiue of 2 gives better information about the value of w’ 
than does the mean vaIue 2. The methods of the analysis 
of variance give a statistical estimate of whether the equa- 
tion w=ax is improved by the addition of another variable 
y to give w=a,x+b2y. For this particular question (see- 
ref. 8) if Eel2 and CcS2 represent the sum of the squares 
of the residuals of the one- and two-parameter equations 
being compared and the ratio 

exceeds a certain critical value, then, on the basis of the 
evidence at hand, the chances are at least 100 to 1 that the 
improvement is real. The magnitude of the critical value of 
F depends upon the number of values N. For N=25, 50, 
and 100, the values of Fare 7.97, 7.20, and 6.91, respectively. 

Although linear dependency between two variables w 
and x is usually expressed by a relationship of the type 
w=ax+c when the measured values of x are considered 
exact, or in any event more nearly under experimental 
control than the measurements of w, there are instances 
when a more general measure of the linear dependency of 
two variables is desired. The coefficient of linear correlation 
r is such a measure which does not depend on the choice of 
w or x as independent variable or on the units of w and x. 
The value of T is usually calculated from the relation 

but it can be shown that this value is equal to the square 
root of the product of the slopes a and a’ in the two regres- 
sion equations 

w=ax+c 

and 

that is 
x=a’wfc’ 

r=&G 

The values of r fall within the range -15 0 S 1, unit 
values indicating exact linear dependence and zero indicat- 
ing complete independence of the two, variables. A negative 
correlation coefficient indicates inverse dependency; that is, 
increasing values of one variable are associated with de- 
creasing values of the other. 

For convenience in computation, all of the summations 
required in regression and correlation studies of the variables 
w and x may be obtained by expressing the N pairs of re- 
lated measurements such as (w,cc)~ in the rectangular matrix 

Ill WI Xl II 

1 wN XN 

and premultiplying this matrix by its transpose 1 IiW”I 1, 
so that the following symmetrical square matrix results: 

cw 2% 

cw2 Cwx 

Cxw Xx” I 

Similar considerations apply, of course, to the study of 
w, x, and y. More detailed treatment of the precision and 
interpretation of regression studies will be found in refer- 
ences 8 and 9. Numerical procedures are described in 
references 10 and 11. 



APPENDIX B 

LOADS ON A SIMPLIFIED WING BUFFETING MODEL 

References 2 and 5 have illustrated the application of 
methods developed in the study of stationary random proc- 
esses 2 to the problem of the buffeting of an elastic structure 
such as a tail located in a turbulent airstream. A simple 
parallel treatment is possible which illustrates the form of 
the relationship between the airfoil motions and pertinent 
structural, geometric, and aerodynamic parameters for an 
elastically restrained airfoil subjected to the excitation of its 
own separated flow. 

The simplified model considered in the present section is 
a rigid airfoil of mass m, span b, mean chord Z, and area S 
restrained by a spring of stiffness k to oscillate in vertical 
motion only. The vertical displacement z(t) from equilib- 
rium can be expressed by the differential equation for a. 
single-degree-of-freedom system : 

where Y is the ratio of the damping to critical damping, w, is 
the undamped natural circular frequency given by the re- 
lation 

k 2-- wn - m 032) 

and F(t) is an impressed force. For an airfoil in a stream of 
air of dynamic pressure p, the exciting force associated with 
a time-varying fluctuating section normal-force coefficient 
en(t) would be (three-dimensional effects being ignored) 

F(t)=c,(t)Zbq 033) 
If c,(t) is a random function of time but is expressible in 
terms of a power spectrum of the coefficient of the section- 
normal-force fluctuations C,‘(W) such that the mean-square 
section normal-force coefficient is 

(B4) 

then z(t) is also a random function of time, expressible by a 
power spectrum z”(w) and, by reason of equation (Bl), 
z”(w) is related to c,“(w) through the admittance A2(a) of the 
system by the relation 

Z2 b2q2 z2(w)=- m2u,4 GL* b) A2(W) (B5) 

where the admittance taken as the square of the amplitude 
ratio of the system is 

A2(w)= 1 

( > 
l-5 2+4Y2 g2 

w4 

2 Time variations of a quantity during a particular time interval may be studied by the 
method of Fourier analysis, and this method can be generalized to apply to a continuing non- 
periodic disturbance through use of the concept of a stationary random process. This concept 
applies when the underlying physical mechanism which gives rise to an irregular disturbance 
does not change in time and the resultant process is thus both stationary and random. As 
a random process, it can be described by certain statistical parameters (mean, mean square, 
and power spectrum are ordinarily of chief interest); as a stationary random process, these 
parameters do not change in time and prediction on a statistical basis is therefore possible. 
For a more complete discussion see references 12 and 13. 
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The mean-square displacement of the airfoil is given by the 
definite integral of equation (B.9, that is, 

-& ,2gz!J2 
s m-wn4 o me,‘(w)A2(w) dw 037) 

Evaluation of the integral in equation (B7) could be a 
complex problem, even under the assumption of positive 
damping, but, for small values of the damping, the admittance 
A2(w) in equation (B7) changes very rapidly in the frequency 
band in the vicinity of resonance, w=w,, and it is possible to 
substitute for cz2(w) in equation (B7) its value at wn and to 
write the approximate relation 

5 Z2b2q2 
2 =mzw,4 cn2(4 S mA2(w)dw o 

For the admittance given by equation (B6) 
the admittance curve is inversely proportionz 
ratio since 

, the area under 
~1 to the damping 

s 0 
m A’(w)dw=z 

Therefore, the mean-square displacement is 

(BQ) 

(Blo) 

For the simplified buffeting model considered, aerodynamic 
damping forces would originate in the velocity of the vertical 
motion i and the damping ratio could be expressed as 

where (CL,) eJf will be considered as an effective slope of the 
lift curve applicable to the damping of small bending motions 
of a stalled airfoil. The present flight tests have been con- 
cerned with values of wing root shear, which are analogous 
not to the airfoil displacement but to the load L=kz exerted 
on the spring support. Hence, an expression for the mean- 
square shear load in buffeting obtained from equations (B2), 
(BlO), and (Bll) would be p=k22 or 

(3312) 

Two characteristics pertinent to the definition of the spec- 
trum C,‘(W) are its level, as determined by the mean square, 
and its shape, or the frequency distribution of the excitation. 
These characteristics may be expressed by writing c,~(w) in 
the form 

c,“(w)=~qw) 0313) 

where G(w) is the power-spectral-density function or shape 
parameter which defines the contribution to z from the 
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excitation in any frequency band between w and w+dw. 
Thus, in view of equation (B4), 

(B14) 

For a section property, it seems probable that the fre- 
quency o is a less fundamental variable for defining the shape 
of the spectrum than a-reduced frequency based on the speed 
V and a linear dimension related to the size of the airfoil or 
the chordwise extent of separation. For the chord as the 
pertinent linear dimension, a reduced shape parameter 

@ 
0 

v is related to a(w) by requirements of dimensional con- 

sistency, that is 

(B15) 

where the constant K which appears in the denominator is 
the area under the curve defined by the reduced shape 
parameter. Thus, on the basis of dimensional considera- 
t#ions, the spectrum c,~(u) may be written as 

c,*(w) =z KV C@ 5 
0 

where 

0316) 

and the intensity of the fluctuations of section normal force 
at a particular frequency is seen to depend not only on the 
mean-square value 2 but also on the scale and speed and on 
the spectral distribution of the excitation as expressed by the 
reduced shape parameter. From equation (BlB), which 
provides a value for c,‘(w,), the mean-square buff’cting load is 

0318) 

Little information is available concerning the shape param- 

eter @ 
0 

F for stalled airfoils. In references 2 and 14, iso- 

tropic turbulence has been used to illustrate a random exci- 
tation expressible by a power spectrum. At a point in 
isotropic turbulence, the turbulent component of velocity 
w(t) normal to the free-stream velocity V results in an equiv- 

w(t) alent fluctuating angle of attack a(t)=- which has a 
V 

mean-square value 2 and a spectrum a”(w) that can be 
written in terms of a reduced frequency 1ofV as 

a2(w)=2 -J- a lw 
Kv v 0 0319) 

where 1 is a linear dimension characteristic of the scale of the 
turbulence, and 

3Pw2 

0320) 

1.2r 

I I 
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V 

FIGURE lg.-Shape of spectral distribution function (eq. (B20)). 

for which the constant K of equation (Bl7) is equal to s. 
This particular shape parameter, which has been plotted in 
figure 19, is relatively constant and close to unity for values 
of reduced frequency less than 1 and then falls rapidly to 
low values. The assumption that the spectrum of the co- 
efficient of tlje section-normal-force fluctuations on a stalled 

airfoil Q, e has a shape similar to that expressed in equa- 
0 v 

tion (B20) with Z=c leads to an estimate of P for the constant 
K in equation (Bl8) and provides a guide for estimating the 

. 

In equation (B3) and thus in equation (B18), section 
properties have been applied to the excitation of the entire 
wing, an application which, in general, would be expected to 
overestimate the net excitation since fluctuations at one 
chord station would not necessarily be in phase with fluctu- 
ations at another station. A simple overall correction is 
possible, however, which is based on a correlation function 
observed in isotropic turbulence and is directly related to 
the spectrum, equation (B19). This correction is similar to 
the length correction used in hot-wire anemometry and is 
used in reference 14 to relate the mean-square angle-of- 
attack fluctuation at a point along the span to the mean- 
square value over the entire span. It involves the ratio of 
the scale of the turbulence to the span b. If the same overall 
correction is applied to the coefllcient of section-normal-force 
fluctuations to take care of the major effects of spanwise - 
load correlation, the wing CNz would be related to the section 
z by the equation 

This same overall correction leads to the final expression, 
applicable to the simplified model, for p the mean-square 
force exerted on the model support 

With slight modification, an expression applicable to the 
root shear of a wing panel can be obtained from equation 
(B22). For wing motions which are simplified in that only 
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fundamental bending at natural frequency o, is considered, 
the vertical motion varies along the semispan direction y + 
accordance with the shape of the bending mode zl(y) (taken 
as unity at the tip). The stiffness k would be an effective 
stiffness corresponding to this mode, where 

k= mew, @23) 

and m, is an effective mass for bending in this mode, given 
by the integral of the product of the spanwise wing mass 
distribution m(y) and the square of the mode shape, or 

s 

b/2 
m,= m(zd z12(y) dy 0324) 

0 

Thus for the assumed wing, the mean-square root buffeting 
shear for one wing panel of span b/2 would be 

or, in terms of aspect ratio A=! and total wing area S=bZ, 

the mean-square root shear would be 

F-kZSq 1-e-*12 ? 
4 A/2 (CQ,’ (B26) 

For a given structure (c and w, fixed) the proportionality 
between p and p (or ‘v2) could be modified by changes in the 

CW value of the shape parameter @  ’ 2 
( > V with speed. If, however, 

the value of the reduced frequency % lies in a nearly flat 

portion at the low-frequency end of the spectrum, then, for a 
spectrum with a shape parameter like that given by equation 

(B20), the value of the shape parameter @  
( > 

$ in equation 

(B26) can be replaced by its approximate value, unity, and 

E kZ3 I--emAl c,” 
= 4 A/2 (CL& p 0327) 

Such a substitution would be valid over a range of speeds 
which is wider for low values of C and low values of natural 
frequency w,. 

The foregoing development deals with the mean-square 
load on a wing panel. If the buffeting of the simplified model 
can be considered a normally distributed stationary random 
process, then the relationship between the mean-square root 
shear ?? and the probable amplitude AL of the maximum 
fluctuation occurring in a time interval At is fixed by the 
power spectrum of the load L2(w). By use of the results 
obtained in reference 12, the number of peak values per 
second which will exceed a particular level AL, can be shown 
to be (when AL, is large) s m 

[ 1 
112 

N.m,=$ 
w*L*(w) dw 

’ m 

S 
e-AL1*/2L-2 (BW 

L2(w) dw 
0 

Just as equation (B7) was simplified to equation (B8) the 
term in brackets is easily evaluated, since 

Ju2L2(w) dw_ .fw2A2(w) dw 
JL2(w) dw JA”(w) do @29) 

and, for an admittance given by equation (B6), 

s 

m 
w2A2(w) dw=w,* - A”(w) dw 0330) 

0 S 0 

Therefore, since w,=Zn-fn, 

&I=jne-AL121*~ 0331) 

and a value of AL will, on the average, be exceeded once in 
a time interval At given by the expression 

&jne--i\L2/2F2 (BW 

or the value AL which occurs once, on the average, in a time 
interval At is given by the equation 

AI = J2F log, cf, At) 0333) 

The ratio AL/d? is plotted in figure 20 for two values 
of jz, 9.3 and 11.7 cps, corresponding to the basic and modi- 
fied wing in the fundamental bending mode, the predom- 
inant mode in the wing buffeting time histories observed in 
the present investigation. 

Combination of equat,ions (B27) and (B33) leads to an 
equation which relates the maximum load ALw (as measured 
in the present tests) in a stall of duration At to the geometric, 
structural, and aerodynamic characteristics of the simpli- 
fied wing, 

AL da log, cfn At) 0334) 

4r 

3- 

4$! 
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12 
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FIGURE 20.-Variation of maximum-expected buffeting load with time 
spent in buffeting and wing natural frequency (eq. (B33)). 
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